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ABSTRACT
Recent innovations and growth of nanotechnology have spurred exciting
technological and commercial developments of nanomaterails. Their appealing physical and
physicochemical properties offer great opportunities in biological and environmental
applications, while in the meantime may compromise human health and environmental
sustainability through either unintentional exposure or intentional discharge.
Accordingly, this dissertation exploits the physicochemical behavior of soft dendritic
polymers for environmental remediation and condensed nano ZnO tetrapods for biological
sensing (Chapter two-four), and further delineate the environmental implications of such
nanomaterials using algae- the major constituent of the aquatic food chain-as a model system
(Chapter five).
This dissertation is presented as follows.
Chapter one presents a general review of the characteristic properties, applications,
forces dictating nanomaterials, and their biological and environmental implications of the
most produced and studied soft and condensed nanomaterials. In addition, dendritic
polymers and ZnO nanomaterials are thoroughly reviewed separately.
Chapter two investigates the physicochemical properties of poly(amidoamine)tris(hydroxymethyl)amidomethane- dendrimer for its potential applications in water
purification. The binding mechanisms and capacities of this dendrimer in hosting major
environmental pollutants including cationic copper, anionic nitrate, and polyaromatic
phenanthrene are discussed.
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Chapter three exploits a promising use of dendrimers for removal of potentially
harmful discharged nanoparticles (NPs). Specifically, fullerenols are used as a model
nanomaterial, and their interactions with two different generations of dendrimers are studied
using spectrophotometry and thermodynamics methods.
Chapter four elucidates two novel optical schemes for sensing environmental
pollutants and biological compounds using dendrimer-gold nanowire complex and goldcoated ZnO tetrapods, respectively. The surface plasmon resonance of gold nanowires and
NPs are utilized for enhancing the detection limits of Cu(II) down to nanomolar level and
protein/lipids down to picomolar level.
Chapter five justifies the growing concern of the environmental implications of
nanomaterials in light of the increasing environmental and biological applications of
nanomaterials based on the previous chapters, using ZnO NPs and single-celled green algae,
Chlorella sp. as a model system.
Chapter six summarized the key findings in this dissertation and presents future
work stimulated by this PhD research.
In summary, the key scientific contributions of this dissertation are: 1). we have
performed the first study on the versatility of a trifunctional dendrimer for hosting cationic,
anionic, and polyaromatic chemical contaminants; 2). we have demonstrated for the first
time the concept that a soft, biocompatible nanoparticle—a dendrimer, can be used for
hosting discharged, harmful nanoparticles for environmental remediation; and 3). we have
shown for the first time the impact of nanoparticles on aquatic organisms is bidirectional.
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CHAPTER 1 LITERATURE REVIEW

1.1

Introduction
In the last century, the miniaturization of materials from the macroscopic and

microscopic down to the nanometer scale was a key technology development. Over the past
two decades, generation and application of materials smaller than 100 nm in dimension, has
significantly advanced electronics, medicine, materials, catalysis, and industrial engineering
and offered vast opportunities in various technology fields such as energy management,
structural materials, functional surface, information technology, as well as in pharmaceutics
and environmental remediation. 1
Among the materials viable for environmental and biological applications,
nanomaterials possessing novel physical, chemical, and biological properties, have been
identified as effective in resolving or ameliorating many of the existing environmental
problems. As a result of their unique structures, large surface area (per unit of volume) and
complex quantum effects that occur on the atomic and subatomic scales, nanomaterials have
found

use

in

many

areas,

including

water

treatment

and

remediation,

biological/environmental sensing, and pollution prevention.2-5
Nanomaterials can be broadly classified into two categories, soft and condensed
nanomaterials. Soft nanomaterials such as dendritic polymers possess appealing
characteristics such as pH-dependent contraction and swelling, amphiphilicity, ample interior
voids and peripheral functional density, thermal stability, flexibility, low viscosity, and high
biocompatibility, rendering them particularly attractive as absorbents and hosts for use in

1

sensing and for the removal of inorganic and organic pollutants from water. Compared with
soft nanomaterials, condensed nanomaterials such as ZnO nanostructures often show good
stability and durability, particularly at high temperature and high pressure, and have been
used in the remediation of industrial effluents, groundwater, surface water, and drinking
water.
Along with the rapidly expanding list of nanomaterials, the benefits of these
nanomaterials are overshadowed by an increasing concern over the potentially adverse
environmental and health effects after their intended or incidental release. Therefore, it has
become crucial to develop a full and mechanistic understanding of fate of these
nanomaterials in eco-systems.6 Derivation of such knowledge will ensure the safe
development of nanotechnology, and protection of human health and the environment.7
The central objective of this dissertation is to investigate the environmental
applications and implications of nanomaterials. Strategically, the principles and techniques of
materials engineering, physics, and physical chemistry have been applied to establish the
molecular mechanisms by which the soft matter of dendritic polymers and condensed matter
of ZnO nanostructures are used as highly selective, recyclable, and biocompatible chelators
for water purification, biosensing, and environmental remediation. Accordingly, Part I of this
dissertation concerns the applications of dendritic polymers for environmental remediation,
and Part II is focused on the environmental applications and implications of condensed
ZnO nanostructures. This arrangement is justified by the philosophy that a comprehensive
understanding of the environmental implications of nanomaterials is essential for guiding
their corresponding applications.

2

1.2

Nanotechnology and Nanomaterials
The idea of nanotechnology was first introduced back in 1959, when Richard

Feynman delivered his seminal talk that “There’s Plenty of Room at the Bottom.” Most of
the major advances in nanotechnology arrived in the past two decades. The inventions of
high-resolution instrumentation such as scanning tunneling microscopy, atomic force
microscopy, and electron microscopy enabled a clear identification of individual atoms and
launched the global nanotechnology race. Recent development of new disciplines of
molecular manipulation, supramolecular chemistry, molecular self-assembly has facilitated
the fabrication of nanomaterials of unique morphology, strictly controlled size, shape, and
crystalline structures, and has led to the discoveries of fullerenes, carbon nanotubes,
graphene sheets and synthesis of novel nanomaterials such as quantum dots (QDs),
nanowires, nanobelts, nanohorns, and many other nanostructures. This diverse array of
nanomaterials has created applications and opportunities in a number of areas, including but
not limited to catalysis, optics, electronics, and biotechnology.8
The terms of “top-down” and “bottom-up” in nanotechnology are the most
prevalent approaches for fabricating nanomaterials:9
i.

Top-down approach is a subtractive process by dividing bulk starting materials into
smaller portions and eventually forming nanomaterials. Mechnicanosythetic methods
such as ball milling are perhaps the simplest among all of them and offer the least
expensive way to synthesize nanomaterials in large quantities. High energy methods
including arc discharge, laser ablation, solar flux, and plasma methods require an
excessive input of energy for breaking bulk materials into nanoscales. Lithographic
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methods are another well-known approach capable of producing for the most part
nanosized features.
ii.

Bottom-up approach begins with atoms or molecules to form nanomaterials in
condensed forms. Chemical vapor depositon (CVD) is a commonly used bottom-up
process involving continuously reacting over a catalyst or pre-templated surface to
form nanostructured materials. Atomic layer deposition is an industrial process
capable of making monolayer/multilayer thin films coating on any sized substrates.
Liquid phase methods, the primary vehicles for self-assembled system involving
biology self-assembly and synthesis, are the most popular means in producing
nanomaterials at a very high cost-effective ratio. Elctrodeposition and electroless
deposition are two other facile ways of making nanomaterials such as dots, clusters,
colloids, rods, wires, and thin films.
An important aspect of nanomaterials is their increased ratio of surface area to

volume, giving rise to quantum mechanical effects that are not observed in bulk. Such
reduction in size also results in a number of unique properties of the nanomaterials. For
instance:
i.

Opaque substances become transparent (e.g., copper). Electromagnetic radiations
have a penetration depth on the order of 50 nm through most of the optical
spectrum. Hence, when the size of a bulk solid is reduced to the order of the
penetration depth, most of the electromagnetic radiation is transmitted through the
substance making it transparent vs. the opacity/reflectance in its bulk form. 10

ii.

Stable materials turn combustible (e.g., aluminum), since the high specific area of
nanomaterials renders high reactivity and short reaction times.11
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iii.

Chemically inert materials serve as catalysts (e.g., gold). Partial electron transfer from
the surface to gold nanocluster and oxygen-vacancy F-center defects have been
shown to play an essential role in the activation of the gold nanoclusters.12

iv.

Hydrophilic metallic substances become hydrophobic13. A dual-scale roughness at a
specific aspect ratio of metallic nanowires imparts them with water-repelling
characteristics.

v.

Good insulators becomes conductors (e.g., silicon)14. In layers thinner than 100
nanometers, the properties of the element itself become irrelevant: what matters is
the surface. Cleaning promotes conductivity by creating new electronic states on the
silicon surface where electrons reside.

vi.

Random scattering become directional15. The transmission of light through an
isolated sub-wavelength aperture is usually weak and light diffracts into all directions.
However, addition of nanosized periodic gratings on the outside of metal thin films
around the aperture can diffract light in a specific direction.
There are many other appealing physical, physiochemical properties of materials as

the size of the system decreases. The reasons for such drastic changes occurring at nanosized
materials can be summarized as follows. First, instead of gravitational forces, electromagnetic
forces become dominant in governing the behavior of atoms and molecules as the mass of
materials decrease tremendously. Second, quantum mechanical effects play a major role in
describing nanoparticle motion and energy transfer such as discreteness of energy, waveparticle duality of light and matter, quantum tunneling and uncertainty of measurement.
Third, nanosized particles possess a very large surface to volume ratio leading to more
reaction sites and higher reaction rate at the interface of two substances. Fourth, on the
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nanosize, influence of Brownian motion is much more amplified than that on the micro- and
macroscale.
Hence, an important component of this dissertation is to obtain a fundamental
understanding of the physicochemical properties of existing nanomaterials, given the
understanding that such knowledge is essential for advancing the development of novel
applications of nanotechnology. The following section extensively reviews the most
conventional nanomaterials that are divided into two categories, soft and condensed
nanomaterials.

1.3

Soft and Condensed Nanomaterials

1.3.1

Soft Nanomaterials
Soft mateirials comprise of a variety types of materials including colloids, liquids,

polymers, gels, foams, and a number of biological materials such as proteins and lipids.
These materials exhibit interesting thermodynamic properties owing to the weak ordering of
noncovalent interactions. Hence, they are structurally delicate and respond sensitively to
changes in external forces and physical chemical conditions.16 Soft matter has become a
rapidly developing and challenging field both experimentally and theoretically and has played
a key role in many technological applications, as evidenced by their presence in our daily life,
ranging from food, food additives, paints, rubbers, gels, foams, liquid crystals, to cosmetics
and pharmaceuticals.
Soft nanomaterials are regarded as soft matter on the nanoscale and can be mainly
classified as dispersion colloids, liquid crystal, and polymeric nanomaterials.

6

1. Colloids, first coined by Thomas Graham in 186117, are a system of particles finely
dispersed in a fluid. Colloidal systems vary widely in compositions, including aerosols
(liquids in gases), emulsions (liquids in liquids), colloidal suspensions (solids in liquids), and
association colloids. Due to van der Waals interactions among colloidal particles18, they may
adhere to each other in suspensions resulting in coagulation, and eventually may precipitate
under the influence of gravity.
Understanding the stability of colloidal particles is of fundamental importance for
their applications. To describe the stability of colloidal systems, Derjaguin, Verwey, Landau
and Overbeek proposed the well-known DLVO theory. This theory suggests that the
stability of colloidal system is determined by the total potential function, as a combination of
van der Waals attractive and electrical double-layer repulsive forces between the particles and
the potential due to solvent. Hence, if particles undergo an energy barrier exhibiting a
sufficiently high repulsive force, they will resist aggregation and the colloidal system will
remain stable.19
The most commonly employed method to stabilize colloidal systems is to charge the
particles intentionally through chemical functionalization or adsorption of chemical species
onto the particle surface. Surface charge is a key parameter controlling nanoparticle stability
in aqueous media, and is a function of both the solvent pH that governs the protonation or
deprotonation of the nanoparticle functional groups and the fixed charges resulting from
crystal lattice defects and atomic substitution. In an aqueous medium, a diffusive electrical
double layer builds up at the solid-liquid interface since ionic species are attracted to the
charged surface. The zeta potential is the electrical potential that exists at the “shear plane”
some distance away from the particle surface. It is derived from measuring the
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electrophoretic mobility distribution of a dispersion of charged particles that are subjected to
an electric field. The magnitude of the zeta potential is a good indicator of the potential
stability of the system. Particles with zeta potentials more positive than 30 mV or more
negative than -30 mV are generally regarded as stable.
Since particles in a colloidal system are typically between 1 nm and 100 nm in size,
the colloids display exceptional physicochemical properties as the following:
i.

When light passing through a colloidal solution, the path of light can be visualized
due to the different refractive indices of the dispersion medium and the particles.
This phenomenon was first observed by Tyndall in 1869 and named as Tyndall
effect.

ii.

The dispersed NPs undergo zigzag movement upon collisions between the colloidal
particles and the dispersed medium, known as Brownian motion. Through
calculating the diffusion coefficient (velocity of Brownian motion), the size of the
NPs could be obtained using the Stokes-Einstein equation:19
(1-1)
where d(h) is the hydrodynamic size of the NPs, k is the Boltzmann’s constant, T is
the absolute temperature, is the viscosity of the medium, and D is the diffusion
coefficient.

iii.

When an electric field is applied across a colloidal system, charged NPs migrate
towards the electrode of opposite charge, while viscous forces tend to prevent this
movement. At equilibrium, NPs will move at a constant velocity. This phenomenon
is known as electrophoresis, and the velocity of the particles is referred as the
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electrophoretic mobility. Zeta potential (as discussed above) of the dispersed NPs
can be obtained by solving the Henry equation:20, 19
(1-2)
where U is electrophoretic mobility, z is zeta potential, f(a) is Henry’s function, is
dielectric constant, and is viscosity.
Moreover, colloidal systems exhibit a variety of interesting properties depending on
the specific type of NPs (inorganic compounds, semiconductor particles, or carbon-based
nanomaterials) in the dispersion medium, such as quantum confinement in semiconductor
particles, surface plasmon resonance in noble metal particles and superparamagnetism in
magnetic materials, which render them a wide range of functions and applications.21 For
instance, biocompatible polymer-grafted silica nanocolloids can be used as nonthrombogenic
materials22, surface-modified silver and gold nanocolloids have been applied in cellular
imaging and sensing23, 24, and systems including nanocolloids with QDs and carbon nanotube
cores have found applications in biosensing and bioelectronic devices25, 26.
2. Liquid crystal is regarded as a distinct state between liquid and crystalline solid.
Liquid crystals can flow like a liquid (fluidity, unable to support shear, formation of droplets)
due to the random arrangement of molecules in a certain direction. However, the molecules
remain ordered in other directions to display properties as crystalline solids (anisotropy in
optical, electrical, and magnetic properties). There are several different types of liquid crystal
phases, including nematics phases, cholesterics phases, smectics phases, columnar phases
and lyotropic liquid crystals27, which can be identified by their distinguished optical
properties.
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The most abundant liquid crystals in living systems are lyotropic liquid crystals, or
namely Self-Assembling Amphiphilic Systems, which consist of amphiphilic molecules with
a hydrophobic tail (typically one or two hydrocarbon chains, either saturated or partially
unsaturated) and a hydrophilic head (typically a polar group such as -COOH). Due to
hydrogen binding between the hydrophilic head and water molecules and hydrophobichydrophobic interactions between the tails, amphiphiles placed in an aqueous solution
spontaneously organize into ordered structures at certain length scale. The first observation
of a small amphiphilic systems by Luzzati and Spegt in 196728 triggered the discovery of
numerous such systems including: the simplest array of lipid bilayer, also as the main
component of cell membranes; the cylindrical phase in which the amphiphiles form single
sheet and fold into cylinders and become packed in a hexagonal array; the body-centered
cubic phase, in which the amphiphiles form spheres that pack in a bcc array; and the gyroid
phase (bicontinuous phase). In addition, a fluid phase can be formed by small spherical
micelles with head-groups facing the water at lower the concentration of amphiphiles.
Because of the simple fabrication process, unique amphiphilic property and
exceptional biocompatibility, lyotropic liquid crystals have attracted particular attention in
the fields of bioengineering and biomimetic chemistry and have been evaluated in disease
diagnostics, tissue engineering, regenerative medicine, and especially drug delivery. Among
the aforementioned amphiphilic systems, reversed cubic and cylindrical phases are the most
commonly used and extensively studied for their wide range of loading capacity—from
drugs to protein, peptides and nucleic acids.29-33 The structures of reversed cubic and
cylindrical mesophases comprise of a curved lipid bilayer/monolayer with hydrophilic heads
pointing toward the water phase and hydrophobic tails sticking out to the external phase.
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Hence, hydrophilic drugs will be located in the water channels or close to the hydrophilic
heads, whereas hydrophobic/lipophilic drugs will be anchored on the hydrophobic tails and
amphiphilic drugs will be preferred to stay at the interface.34.
3. Polymeric nanomaterials. Polymers are macromolecules composed of a large number
of repeating units covalently connected to form an entity. When all the single repeating units,
namely monomers, are identical, the molecule is classified as a homopolymer, while if there
is more than one type of unit in the monomers, the molecule is then named as a copolymer.
Monomers with two or three active bonds connecting with other units are called
bifunctional or trifunctional polymers, respectively. Through polymerization (initiation, rapid
propagation, and termination), monomers are covalently linked together to yield the
formation of polymer molecules. The physical characteristics of polymer materials are largely
determined by the molecular weight, molecular shape, and molecular structure of the
macromolecules:
i.

The chain length and final molecular weight during the formation of polymer
molecules are controlled by relative rates of initiation, propagation, and termination
steps of polymerization. At room temperature, short chain polymers are mainly
liquids or gases with molecular weight around 100 g/mol. Polymers become waxy
solids with an intermediate chain length (1000 g/mol) and turn into solids when the
number of carbon atoms in the chain is over 1000 (10,000 g/mol). Such change of
state occurs as a result of the increasing binding forces (van der Waals interactions)
between molecules of longer polymer chains.

ii.

The molecular shape of a polymer molecule is dependent on the special distribution
of carbon atoms, typically in a zigzag pattern in order to satisfy the 1090 angle of
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single C-C bond. Polymer chains can rotate around the carbon bonds and may bend,
coil, and kink, which may lead to entanglement within one polymer chain and with
neighboring chains. The mechanical properties and thermal stabilities of polymers
are thus intimately related to the ability of chain segments to rotate, such as the high
elasticity of rubber as a result of unraveling of the coiled polymer chains.
iii.

In addition to molecular weight and shape, the molecular structure of polymers also
plays an essential role in determining their physical characteristics. In terms of
molecular structure, polymers are sorted into linear polymers, branched polymers,
cross-linked polymers, and network polymers. For linear polymers, straight chains
can fold back in a random fashion. These polymer chains are generally packed tightly
together to form crystalline structures but can still slide past each other, which
provides some flexibility and elasticity. However, intermolecular forces between
adjacent chains may prevent the sliding and make polymers less flexible. For
branched polymers with branches along the polymer chain, it is much more difficult
for them to pack in a regular array. Thus, branched polymers are less crystalline and
less dense and their physical and mechanical characteristics (viscosity, elasticity) are
highly dependent on the amount and type of the branches. Cross-linked polymers
are formed by covalently linked polymer chains. The increased cross-links between
polymer chains result in high elasticity (can be stretch and reshape) and decreased
viscosity. However, further increase in the number of cross-links can drastically
reduce the elasticity and the polymers become more rigid or even brittle. Network
polymers are achieved through covalent binding of trifunctional monomers to form
unique three-dimensional network structures. Highly cross-linked polymers can also
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be classified as network polymers, and they typically posses the highest strength
among all the polymers.
The complexities in their chemical composition, molecular configurations, and
synthesis process make polymers encompass an extraordinary range of compounds,
including natural polymers such as wool, silk, nucleic acids, and proteins, and synthetic
polymers such as synthetic rubber, nylon, polystyrene, and polyethylene.35
Differing from bulk polymers, polymeric nanomaterials with size ranging from 1-100
nm in at least one dimension afford a variety of unique optical36, magnetic37, thermal38, and
electronic39 properties because of their drastically increased surface to volume ratio. Their
unlimited surface functionality, a wide range of solubility, intrinsic conductivity,
biocompatibility, and biodegradability allow the polymers a wide range of applications. For
instance:
Polymeric nano-sheets manufactured through Langmuir-Blodgett techniques possess
superior mechanical and thermal stability with uniformly distributed functional molecules
and versatile molecular building blocks, which allow fabrication of desired soft nanodevices
based on the designed patterns on the nano-sheets

40

; Conducting polymers including

polyacetylene, polypyrrole, polythiophene, polyaniline, and their derivatives have shown a
high energy conversion efficiency on the nanoscale due to the presence of heterojunctions-these nano-polymers have been utilized to improve the performance or extend the functions
of organic devices such as solar cells and sensors41; NPs based on poly (D,L-lactide), poly
(lactic acid) PLA, poly (D, L-glycolide) PLG, poly (lactide-co-glycolide) PLGA, poly
(cyanoacrylate) PCA, and other hydrophilic/biodegradable polymers exhibit some specific
advantages (increasing stability of drug/protein and controlled release) over liposomes in
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drug delivery systems42. In addition, nano-polymers have been widely used in biomedicine,
tissue engineering, catalysis, and food packaging

43, 44

. Dendritic polymers as a broad class of

nanosized synthetic polymers possess appealing physicochemical properties and have been
extensively studied for their environmental applications as documented in this dissertation. A
detailed review on dentritic polymers will be conducted separately in section 1.5.1.

1.3.2

Condensed Nanomaterials
Generally speaking, soft matter is a subfield of condensed matter. In this dissertation,

soft matter is discussed as a distinct subject apart from condensed matter due to their unique
characteristics especially under thermal stresses and fluctuations. In contrast to soft
materials, hard condensed materials show more stable behaviors as a result of their
organized crystalline structures at any mesoscopic scale. Typically, hard materials are not
biological and include metals, metal oxides, carbon-based materials, glasses, and
semiconductors. Condensed nanomaterials are therefore nanocrystalline materials presenting
a state of matter in the transition region between bulk solid and single molecules.
1. Metals/metal oxides, or metallic nanomaterials. Metals are generally formed by closely
packed atoms with arranged crystalline structures such as body-centered cubic or facecentered cubic. When exposed to air, metals are inclined to lose electrons and react with
oxygen to form metal oxides over varied timescales. Typically, alkali metals react with
oxygen readily and intensely, transition metals show a much slower rate of oxidation, and
others such as platinum and gold do not react with the atmosphere except under extreme
conditions. Metals are opaque, shiny, and lustrous as a result of their small skin depth that
relinquishes the propagation of electromagnetic waves. Due to their low electronegativity
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(free electron model), most metals show a high electrical conductivity. And the closely
packed crystalline structures offer them high thermal conductivity and density.45 However,
when their dimensions are reduced to the nanoscale, such physical and chemical properties
gradually change from solid state to molecular behavior owing to the increasing surface-tovolume ratio and the non negligible presence of highly unsaturated surface atoms on
nanocrytallites, leading to completely different electronic, mechanic, and optical properties
of metallic nanomaterials. For instance, copper NPs smaller than 50 nm are considered super
hard materials as the movement of copper atoms can only occur at a 50 nm scale.8 Bulk
metal and metal oxides are usually stable and robust with well organized crystal structures.
While particle size is reduced to the nanoscale, the high density of corner and edge surface
sites compromise the lattice symmetry

46

, which can further impact the thermodynamic

stability as a consequence of modifications of cell parameters and structural
transformation.47-49
One of the most interesting properties of noble metals is surface plasmon resonance
(SPR). Surface plasmons are electromagnetic waves that propagate in a direction parallel to
the interface between the metal and the dielectric. By solving Maxwell equations along the
metallic surface, one can obtain the dispersion relation of surface plasmons. As a result of
their longer wave vector than light, surface plasmons are nonradiative and confined between
the metal and dielectric interface. In 1908, Mie achieved one of the greatest triumphs of
solving Maxwell’s equations that describes the extinction spectra of spherical particles of
arbitrary size, which revealed the origin of SPR in noble metal NPs. When light encounters
nanosized noble metal NPs (such as gold or silver of 50 nm), it interacts with the metal
surface and triggers the resonance oscillation of free-electrons in the metal instead of being
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scattered away.50 The coherent localized plasmon oscillations with a resonance frequency
strongly depends on the size, shape, surface morphology, and dielectric constants of both
the metal and the surrounding environment, which can be easily characterized using
absorbance spectroscopy. For instance, gold and silver NPs absorb light at 500 nm and 400
nm due to their distinct characteristic of SPR, leading to a brilliant red and yellow color of
their colloidal solutions, respectively.
This unique optical feature of noble metallic NPs allows them to be used in a variety
of applications in biological, chemical sensing, bio-imaging, and especially in enhancing
surface optical properties such as fluorescence, plasmon resonance energy transfer, and
surface enhanced Raman spectroscopy (SERS). The fundamental mechanisms underlying
these techniques are based on: 1) resonant Rayleigh scattering, 2) charge-transfer interactions
at the surface of the nanomaterials, 3) resonance upon NP aggregation, and 4) changes in
local refractive index. Three major categories of SPR applications are described as the
following 51:
i.

Transduction with SPR wavelength shift. Since SPR of metal NPs is highly sensitive to
changes in the dielectric properties of the surrounding environments, the shift of
SPR spectrum has been implemented as a transduction strategy to investigate the
interaction and binding between biological molecules and NPs in a label-free
approach.52 Gold nanorods offer a relatively higher biosensing capability of serum
samples due to the longitudinal SPR (LSPR) modes on the nanorods.53 Metal
nanoshell structures posses shell thickness-dependent refractive indices, enabling
their potential applications in bioassays and biosensing.54
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ii.

SERS-based bioassays and biosensing. There are mainly two approaches widely used in
this category, including: label-free detection based on the known SERS spectra of an
analyte adsorbed onto NPs and SERS-label detection by analyzing the characteristic
Raman vibration modes upon complex formations. Silver film-over-nanosphere
(AgFON) substrates have been found extremely popular as label-free SERS
biosensors such as for the determination of glucose55, lactate56, and dipicolinic acid.57
Gold NPs functionalized with thiol-terminated ssDNA58, thrombin59, and other
functional ligands have been applied in nucleic acid hybridization assays and protein
detection assays.

iii.

Metal enhanced fluorescence (MEF). In order to achieve high enhancement factors using
plasmonic metal substrates, there are a number of challenges in the selection and
fabrication of MEF substrate considering the following parameters: 1) the
wavelength of NP plasmon resonance overlaps with excitation and/or emission
spectra of the fluorophore, 2) the dynamic changes of the separation distance
between NPs and fluorophore alters fluorescence intensity significantly, and 3) the
strong angular dependence of SPR for particular shapes of metal nanomaterials. As a
result, MEF methods have many variables with reported enhancement factors
ranging from two to a few hundred. For instance, silver island films offer multiple
modes of SPR owing to their complex surface structure and have been served as
various fluorescence enhancement substrates60-62 Colloidal NPs and thermally
annealed colloidal substrates produce higher fluorescence enhancements, which can
lead to increased sensing of labeled DNA.63, 64 Other MEF structures involving silver
nanoprisms65, nanotriangles66, nanorods67, and structure arrays68 have also been
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studied intensively and applied to the detection of a wide range of molecules
including DNA, RNA, proteins, and metal ions.
2. Carbon-based nanomaterials. Carbon-based nanomaterials have been extensively
studied during the last century as reflected by numerous publications, various novel
applications, and products across physics, chemistry, biology, engineering, and computer
science. Carbon-based nanomaterials consist of carbon nanotubes, fullerenes, graphene,
carbon onions, and carbon fibers, synthesized mainly through arc discharge, chemical vapor
deposition, and laser ablation. The properties of these nanomaterials can be drastically
altered by modifying the fabrication conditions such as reaction temperature, input gas
concentration, and pressure in the reaction chamber.
i.

Fullerenes are one type of cage-structured carbon molecules in a spherical shape with a
wide range of size and molecular weight. The buckminsterfullerene C60, first fullerene
discovered and named by Richard Smalley’s group at Rice University in 1985 69, is a
small closed-cage carbon hollow sphere nanostructure consisting of 60 carbon atoms
with a diameter of approximately 0.7 nm. The discovery of fullerenes and the insight
that led to the interpretation of the magic structure (consisting of pentagons and
hexagons) resulted in a Noble prize in chemistry to Curl, Kroto, and Smalley in 1996.
Due to the rich chemistry of fullerenes, a number of fullerene derivates are available
including different numbers of carbon atoms (C70, C80, C94); endohedral fullerenes
with additional atoms, ions, or clusters captured in the inner spheres; and diverse
arrays of surface modifications (fullerenols C60(OH)n). The versatility of fullerenes
and their functionalized forms render them a broad range of applications. For
instance, the unique surface structure of fullerenes with one pentagon surrounded by
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hexagons offers them an electrophilicity and stability for radicals, which promote the
conversion of methane into higher –value fuels and other chemicals. The addition of
3 alkali atoms into pure fullerenes resulted in a superconducting property of the
compounds at temperature below 19-40 K70, and the superconducting transition
temperature can be increased by incorporating larger alkali-metal cations71; A new
fullerene derivative, C60-fused pyrrolidine-meta-C12 phenyl, has been shown a much
more cost-effective organic semiconductor material compared with pure fullerene
thin film72; Endohedal metallofullerenes, such as M@C82(OH)30, have been applied as
magnetic resonance imaging contrast agents, X-ray contrast agents, and radio
pharmaceuticals

73

owing to their prolonged stability, easily modified outer surface,

and intriguing magnetic properties.
ii.

Carbon nanotubes (CNTs) are formed by carbon atoms of a cylindrical structure with
one or a few nanometers in diameter and a few nanometers to micrometers in
length. The structure of pure CNTs can be visualized as a graphene sheet rolled into
a seamless cylinder. There are mainly two types of CNTs: single-walled carbon
nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT) consisting of
two or more SWCNT stacked one inside the other. The diameter of CNTs can be
determined by the size of metal catalysts, on which the carbon is deposited, gradually
grow into C network and eventually form a graphite tube 74. This growing process
was observed using in situ electron microscopy75. Typically, SWCNTs are grown from
metal NPs with a few nanometers in diameter, while MWCNTs are produced from
larger particles. CNTs exhibit extraordinary mechanical properties, such as SWCNT
can be as much as 10 times as strong as steel and 1.2 times as stiff as diamond76, 77,
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due to their C-C covalent bonding and seamless hexagonal network architecture.
Although pure perfect CNTs are extremely nonreactive, defects and residual
impurities remained from the synthesis process--containing metals, organics and
support materials, enrich the chemistry of CNTs significantly. For instance, the high
concentration of pentagonal defects at the ends or caps of nanotubes can enhance
the reactivity of the tube ends, which provides the possibility of opening the tubes78,
functionalizing the tube ends79, and encapsulating foreign substances within the
tubes80. With a combination of properties including nanosize diameter, structural
integrity, high electrical conductivity, CNTs can serve as a perfect electron field
emission material81 and have been utilized as the field emitters or resources for
cathode-ray lighting elements82, flat panel display83, and gas-discharge tubes in
telecom networks84. Electrochemical intercalations between CNTs and lithium have
been extensively investigated and CNTs have shown to possess both high reversible
(400-650 mA h/g) and irreversible (~1000 mA h/g) capacities

85, 86

, which can be

used as anodes in rechargeable lithium batteries. Their small dimension, smooth
surface topology, and perfect surface specificity enable extraordinarily high and
reversible hydrogen adsorption on the CNTs surface, which offers outstanding
hydrogen storage capacity87. Moreover, with extremely small size, high conductivity,
high mechanical strength and flexibility, CNTs have been attached to the end of a
scanning microscope tip and applied as a nanoprobe for precise and high resolution
imaging

88

. The relatively narrow and straight hollow chamber in CNTs was

suggested to exist strong enough capillary forces that can hold gases and fluids inside
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them 89, opening the possibility of employing nanotubes as templates for creating
nanowires of various compositions and structures90.
iii.

Graphene is a 2D building unit for carbon-based materials with other dimensionalities.
It can be traced back to more than 60 years ago when this 2D honeycomb lattice of
carbon atoms was first studied theoretically91. Though strictly 2D crystalline
structures are thermodynamically unstable and were presumed nonexistent,
experimentalists have been attempting to isolate graphene through various
approaches including chemical exfoliation92, and CVD of hydrocarbon on metal
substrates93, 94. The impossibility of growing 2D crystals does not necessarily mean
that they cannot be fabricated artificially. The first successful attempt of isolating
graphene by mechanically splitting individual atomic planes from layered graphite in
200595 and especially the follow-up experiments on its charge carrier property

96, 97

triggered the “gold rush” of graphene and led to a Nobel prize in Physics 2010 to
Andre Geim and Konstantin Novoselov. Unlike traditional 2D systems formed at
buried semiconductor interfaces, the noninteracting π and π* states on this single
atom thick film offers an ideal 2D system for direct physical and chemical
modifications and measurements 98. The outstanding charge carrier mobility, ultimate
thinness, and good stability of graphene justify it as an ideal material for radio
frequency analog electronics, and graphene has been successfully utilized in dc 99 and
rf
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graphene field-effect transistors (GFETs). Conventional light-emitting

electrochemical cells have at least one metal electrode, which compromises the
operational lifetime and efficiency of the system. Graphene has been demonstrated
as an ideal material by its sole incorporation into the cells for paving the way towards
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totally organic low-voltage, cost effective light-emitting devices

101

. The oxygenated

graphene sheets functionalized with epoxy, hydroxyl, and carboxyl groups, namely
graphene oxides, have also found tremendous opportunities for access into a wide
range of applications especially as biosenser, drug carrier, and antibacterial materials
as a result of their enriched surface chemistry compared with that of graphene
sheets102.
In addition to the carbon-based nanomaterials introduced above, carbon onions
(concentric graphitic shells ~10 nm in size) and carbon nanofibers (a relatively narrow inner
cavity whose innermost diameter is smaller than MWCNTs) also show superior electric,
optical, and mechanical properties and have been applied as lubricants, catalysts, and filters
for water purification.
3. Semiconductor nanomaterials. Semiconductors are materials exhibiting an electrical
conductivity between a conductor and an insulator. Unlike metallic conductors with very low
resistivities, semiconductors posses much higher resistivities owing to their compositiondependent band gap where a minimum energy is required to excite an electron from the
ground-state valence band (VB) fully filled with electrons to the empty conduction band
(CB). When reduced to the nanoscale, the physicochemical properties (conductivity,
absorption coefficient, refractive index) of semiconductor nanomaterials can be altered
significantly. For instance, the well-known quantum confinement effect results in significant
changes in the band gap structure of nanocrystalline semeconductors with a great
dimensional dependence
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. The quantum confined semiconductor nanomaterials also

exhibit unique optical properties such as the most striking random on-and-off blinking
phenomenon

104

. Moreover, the narrow and intensive emission spectra, continuous
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absorption bands, high chemical and photobleaching stability, processability, and surface
functionality of semiconductor nanomaterials have attracted enormous attention in a broad
range of disciplines such as materials science, solid-state physics, inorganic chemistry, colloid
science, and recently, biological science and engineering. Though most research on
semiconductor nanomaterials including Si, GaAs, InP, SiC, ZnS, TiO2, CdSE, CdS and
HgCdTE etc. has been limited to the laboratory scale, these materials have found promising
applications in solar cells, light-emitting diodes, nanoscale electronic devices (computers,
laptops, cell phones, CD players, TV remotes) waveguide, packaging films, catalysts, and
especially, in hydrogen production, bio-sensing, imaging and environmental purifications.
i.

Hydrogen is widely considered to be a clean and renewable energy as an alternative
energy resource for fuel. Photocatalytic hydrogen production from water is one of
the promising and environmentally friendly approaches but is however associated
with a very low hydrogen production rate. Semiconductor nanomaterials have been
playing a crucial role in photocatalytic hydrogen production due to their high
surface-to-volume ratio, suitable flat band potential, biocompatibility, corrosion
resistant, and high photocatalytic activity. TiO2, for example, has been proved to be
an effective photocatalytic agent for producing and storing hydrogen gas and the
resulting efficiency is highly morphology dependent

105, 106

. Nanocomposites of

semiconductor materials such as TiO2, CdS, Cd0.8Zn0.2S, and Fe2O3 NPs incorporated
with layered compounds such as H2Ti4O9, H4Nb6O17, K2Ti3.9Nb0.1O9, HNbWO6,
HTaWO6, HTiNbO5, and HTiTaO5 have also been extensively studied for hydrogen
production, which showed a significantly improved photocatlytic activity resulting
from charge-carrier separation107.
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ii.

The profound photocatalytic properties of semiconductor nanomaterials have also
been applied for degradation of organic contaminants. The photo-induced water
cleavage on TiO2 semiconductor electrode, first discovered in 1972

108

, has been

utilized to solve a variety of problems of environmental interest in addition to water
and air purification. The artificial UV radiation from semiconductor nanocrystal like
TiO2 in the daytime
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has been utilized as an effective resource for degrading a

variety of organic compounds, dyes, and other inorganic pollutants in industrial
wastewater. In addition, studies on the self-cleaning and antifogging of
semiconductor nanomaterials through slurry type reaction have led to the use of
semiconductor nanomaterials as an effective coating for auto-cleaving and selfsterling of hospital indoors, kitchens, and restrooms110-112.
iii.

The increasing availability of synthesis and characterization techniques of
semiconductor nanosturctures make the precise control over the size, structure
compositions, and their surface functionalities feasible, thus allowing tailored
solubility, biocompatibility or bio-recognition of semiconductor nanomaterials to
better suit their integration with biological systems. Fluorescence is the most
commonly used detection and quantification method for biomolecules 113. Compared
with the conventional fluorophores which are limited by their effectiveness and long
term stability, semiconductor QDs (such as ZnS, CdS) show unique optical
properties including broad absorption spectra, symmetric and narrow emission
spectra, high resistance to photo-bleaching and chemical degradation, which afford
them great opportunities as a new generation biosensors for both in vivo and in vitro
biological investigations114,

115

. Moreover, the easily tunable emission spectra of
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semiconductor QDs to overlap with the spectra of a particular acceptor make them
ideal candidates for use as efficient fluorescence resonance energy transfer (FRET)
donors. In addition, QDs offer enhanced time-gated detection selectivity and
sensitivity as a result of their slow light emitting rate to eliminate the
autofluorescence background, but fast enough to maintain a high photon turnover
rate.

1.3.3

Dictating forces in nanomaterials
Central to the understanding of the complicated properties and phenomena in

nanomaterial systems as described in the previous two sections are the interactions that
combine the atoms together forming bonded particles referred as molecules (intramolecular
forces), as well as the forces in between the molecules that hold them together as condensed
phases(intermolecular forces). The former is commonly called chemical bonds achieved by
sharing electrons or transferring electrons from one atom to another, whereas the latter is
usually referred to as physical bonds mainly including electrostatic interactions, hydrogen
bonding, and van der Waals interactions.
Chemical bonds are formed between two atoms to achieve a more stable energy state
through specific electronic rearrangements. Since there are a variety of atoms that each of
them exhibits different electronic structures, the modes of bond formation vary with atoms
and neighboring elements, which can be generally categorized into two basic types: ionic
bonding and covalent bonding. An ionic bonding is formed through electron transfer from
an electron-losing element to an electron-gaining element typically in NaF, LiCl, CaO, and
KCl, etc., where electrons in the outer layer of the metal atoms (mostly Group 1 and 2
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elements) can be easily captured by the atoms with high electronegativity such as the halogen
elements. A covalent bonding is much harder to visualize, which can be described as sharing
of outer electrons of the bonded atoms through spatial redistribution such as the C-H bonds
in CH4. The strength and length of a chemical bond can be verified using an energy-distance
Morse curve, where the bond length is the minimum energy distance around which the
atoms vibrate and the bond energy is the required energy that separates the bonded atoms
from a minimum distance to infinity 116.
As the chemical compositions and properties of the materials are largely determined
by intramolecular forces, it would be even more interesting to explore how material
molecules would behave upon interacting with neighboring molecules and molecules in
surrounding environments.
It is apparent from the discussion on chemical bonds above that many molecules
possessing polar chemical bonds associated with electric dipoles. The dissolution of
molecules in aqueous solution introduces ionized atoms and protonated/deprotonated
surface groups within a certain range of pH of the host medium. Thus, the electrostatic
interactions are common in a wide range of molecular systems. Among all the intermolecular
forces, electrostatic forces act through a long range of distances (inversely proportional to
the square of distance) involving charge-charge interaction, charge-dipole interaction and
dipole-dipole interaction, which play a major role in shaping the structure and dynamics of
the system116.
Hydrogen bonding is perhaps one of the most important intermolecular forces in
biological compounds and bio-systems. Usually, hydrogen bonding is formed as a result of
the difference in electronegativity (tendency of an atom to attract electrons) between two
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atoms. The hydrogen bonded to the atom with a lower electronegativity (hydrogen donor)
interacts with the other electronegative atom (hydrogen acceptor) through long-pair
attractions. Biomolecules such as proteins and nucleic acids offer strong hydrogen bonding
upon binding with other molecules due to their high density of hydrogen donors and
acceptors on the surfaces. Water molecules are also good hydrogen donors/acceptors
resulting in the anomalous properties of water such as the water cage formation when
dissolving hydrophobic molecules in an aqueous solution. The hydrophobic-hydrophobic
interaction between the hydrophobic molecules within the water cage is a consequence of
the minimization of total surface free energy 116.
Van der Waals force is another major contribution to the interactions between
molecules due to the constant vibrations of electrons in atoms. It arises from three different
contributions including dipole-dipole interaction (Keesom interaction), permanent dipoleinduced dipole interaction (Deby interaction), and induced dipole-induced dipole interaction
(London dispersion). Generally, van der Waals interaction is regarded as a weak and shortrange interaction decreasing drastically as the molecules/NPs depart (Lennard-Jones
potential), especially with the interference of solvent molecules in an aqueous solution.
Though van der Waals force is weak for a single pair of atoms, it can become dominant in
NP interactions as a net contribution from the huge amount of atoms contained in the entire
NPs 116.
The π-π stacking is another interesting interaction between aromatic rings as a result
of both electrostatic and van der Waals interactions. The most preferred conformations for
the aromatic ring pair are the parallel displaced and T-shaped. The π-π stacking widely exists
in protein-carbon nanomaterial (CNTs, fullerenes) and protein-NP complex interactions
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117,

118

, since a few amino acids contain aromatic rings buried inside the hydrophobic core of the

proteins.
It can be seen from above discussion that the intramolecular and intermolecular
interactions within and between nanoparticles are extremely complicated as a net
contribution from all the governing forces. A detailed understanding of those governing
forces at the molecular level is essential for interpreting and predicting the behavior of
nanomaterials given their inevitable interactions with biological and environmental systems
as extensively described in the next section.

1.4

Biological and Environmental Implications of Nanomaterials
The rapid development of nanotechnology has led to the mass production of

engineered NPs that encompass almost every facet of our daily life. The production of NPs
is projected to increase from the estimated 2,300 tons as of today to 58,000 tons by 2020 119.
Throughout the lifecycle of nanomaterials’ production, use, disposal, and reuse, it is highly
likely that these nanomaterials may be accidentally or incidentally released and exposed to
bio- and ecosystems. Thus, understanding and mitigating the adverse biological and
environmental effects of NPs has become a grand challenge for ensuring the technological,
economical, and societal benefits of nanotechnologies.

1.4.1

Biological implications of nanomaterials
Nanomaterials may enter living organisms including animals and humans through

active or passive pathways such as direct inhalation of NPs in ambient air primarily from
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diesel fumes, and digestion of NPs accumulated in the food chain. Ironically, the properties
of nanomaterials that make them desirable to the medical field may also create
direct/indirect exposure to NPs through cellular uptake. The assessment of cytotoxicity of
NPs has been complicated due to a great variety of factors including the types of NPs120,
surface modification121, physicochemical properties of the NPs122, and exposure
conditions123.
Among the commonly recognized toxicity mechanisms of NPs, the “nano” factor
itself plays a very important role in determining the toxicity. Particles of nanosize can
transfer across the placental barrier from pregnant mice to pups where larger particles
cannot enter124. Furthermore, the surface functionalities of NPs dictating their stability and
tendency of aggregation can drastically alter their toxicity as destabilized NPs usually
experience a decreased ability to induce cytotoxicity125, whereas agglomeration of carbon
nanotubes within the lungs of laboratory test animals led to their suffocation 126.
The generation of reactive oxygen species (ROS) including radical ROS (nitric oxide
and hydroxide radicals) and non-radical ROS (hydrogen peroxide) is a well-known
phenomenon associated with cells that are exposed NPs. Most of the cells can tolerate a
certain amount of ROS through self-defense mechanisms, but undergo various negative
effects with higher levels of ROS production

127

. The large surface area and reactive surface

groups of NPs offer increased oxidizing capacities to generate ROS, and NPs have been
reported to induce ROS through various mechanisms: 1) direct generation of ROS from the
surface of the NPs or from released ions via NP exposure to acidic environment, such as
lysosomes128; 2) indirect generation of ROS upon interaction of NPs with cellular organelles,
such as mitochondria, by destabilizing mitochondrial membrane potential and disrupting
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electron transportation of oxidative phosphorylation

129

; 3) stimulate large ROS production

from cell immune system via interactions with redox active proteins (NADPH oxidase)130; 4)
interactions with cell surface receptors that eventually lead to over generation of ROS and
trigger the expression of stress response genes

130

. ROS has been claimed to be one of the

major mechanisms of cellular damage in response to NPs and has been assigned as a main
factor in evaluating NP cytotoxicity.
Since NPs can enter intracellular space through different endocytic pathways
depending on their physical dimensions 131, they can interact with and physically damage the
cytoskeleton network, which eventually cause defects of the cytoskeleton structure or
alterations in cell morphology. It has been reported that gold NPs can significantly impact
the actin fibrils of human dermal fibroblastis

132

, and the functionality of cytoskeleton

filaments. This disruption is highly dependent on the exposure time, concentration, and the
size of the NPs

123

. CdTe/ZnSe QDs induced significant structural changes in actin and

tubulin networks of 3T3 fibroblasts and led to various degrees of cellular effects

133

. A long-

term exposure (3 months) of ZnO NPs to keratinocyes resulted in deformation of the cell
cytoskeleton, yielding actin “dots” rather than long filaments

134

. Ion NPs have also been

found to affect cell cytoskeleton and can result in cell elongation with an increased actin
stress fiber formation, likely due to the remodeling of the actin network in the presence of
high concentration of ion NPs around the nuclear region 135.
Genotoxicity has only recently become a topic in describing biological response to
NP exposure. The underlying mechanisms and forthcoming consequences of genotoxicity
are still controversial and need further exploration. It has been reported by several studies
that NPs induced minimal or no effects on stem cell differentiation
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136

, genotoxicity

137

, and

gene expression patterns

138

. However, many other studies have discovered severe effects,

such as inhibition of protein expression by ion NPs with different types of surface
modifications139, oxidative DNA damage induced by the nuclear penetration of gold NPs of
3 nm in size 124, and apoptotic DNA fragmentation resulting from intracellular QDs 140. The
possible mechanisms of genotoxicity induced by NPs are the following: 1) genotoxic effect
as a consequence of over production of ROS; 2) perinuclear localization of NPs
hindering/modifying protein or gene expression; 3) ion release from metal/metal oxide NPs;
4) altered gene expression in response to cellular stress or stimulation of cell-surface
receptors.
In reality, direct interaction of NPs with biological system is highly unlikely. Instead,
the high surface reactivity of NPs facilitates coating of surrounding biological molecules
onto the NPs, leading to a so-called protein corona 141, prior to the NPs being recognized by
cells. The majority of the identified biological molecules that may interact readily with NPs
upon their entry into the bloodstream are plasma proteins, including the most abundant
serum albumin, and other functional proteins such as lipoproteins, fibrinogens, transferrin,
and enzymes. Both silver and gold NPs exhibit a strong binding affinity for serum albumin
and such binding is characterized by a wavelength shift of the SPR of the metal NPs

142, 143

.

Interactions between carbon-based nanomaterials and blood proteins have been investigated
and π-π stacking and hydrophobic interactions were considered as main binding mechanisms
through molecular simulation. Using fluorescence correlation spectroscopy, the binding of
serum albumin to CdSe/ZnS QDs has been quantitatively studied and the formation of a 3.3
nm thick protein monolayer coating was observed

144

. Next to proteins, nutrients,

surfactants, and amino acids in cell culture medium may also interact with NPs through
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physical adsorption or chemical reaction. The formation and binding energetics of NPprotein corona are largely determined by the physicochemical parameters of the NPs such as
size, morphology, chemical composition, surface area, and surface charge

145

. Consequently,

the proteins in the NP-protein corona may adopt new conformations to comply with the
NPs core of specific physicochemistry

146, 147

, which could then give rise to cytotoxic effects

such as hypersensitivity reaction and promotion of adverse allergic immune response.
1.4.2

Environmental implications of nanomaterials
Thus far, much work on nanotoxicity has been focused on animal and human

exposure to NPs. However, it has become imperative to conduct ecotoxicological studies of
nanomaterials given their inevitable release into the environment. Early work in this latter
field has been focused on fullerene-based nanomaterials. For example, Oberdorster showed
that fullerenes could impair brain functions in fish

148

. However, very little is known

regarding the ecological impacts of organic nanopariticles, quantum dots and metal oxides
(e.g. TiO2, ZnO)–-some of the most produced and used nanomaterials. Such mass
production and use of NPs justify a critical evaluation of the environmental fate of
nanomaterials, from cradle (point of manufacture) to grave (point of use and disposal).
Green algae serve as the basis of the food chain and are a primary agent for global
biogeochemical cycles. Any impact on such organisms will cascade and biomagnify through
the ecosystem, ultimately affecting humans. Hence, green algae are regarded as an ideal
model for evaluating the ecological impact of released NPs. Unlike mammalian cells, most
plants, algae, bacteria, and fungi possess a cell wall whose major components are
carbohydrates that linked to form a rigid complex network, and proteins

149

. The cell wall

forms a primary site of interaction and serves as a barrier for the entrance of NPs into the
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cell. The cell walls in plants and algae mainly consist of cellulose. For algae their cell walls
typically also contain glycoproteins and polysaccharides whose functional groups such as
carboxylates, phosphates, hydroxyls, and amines provide active sites for interaction with
NPs.150 Cell walls are semi-permeable and underneath the cell wall there lies the plasma
membrane. The diameter of pores across the cell wall ranges between 5 to 20 nm151, 152. Thus,
only NPs and their aggregates with a size smaller than that of the largest pores are feasible to
pass through the cell wall and reach the plasma membrane. Moreover, the interactions
between NPs and cells might physically damage the cell wall to induce pores which
subsequently act as new sites for NP internalization. The plasma membrane is a bilayer lipid
membrane with embedded proteins and is selectively permeable. The transport mechanisms
that control the movement of substances across the membrane include passive transport
through diffusion and osmosis, transport of nutrients through transmembrane protein
channels, active transport through energy-dependent endocytosis, and extrusion of
unwanted substances through exocytosis. The potential entry routes for NPs to penetrate
through this bilayer lipid membrane have been discussed recently153, including endocytosis
and facilitation via carrier proteins and ion channels. Once crossing the plasma membrane,
NPs may interfere with the metabolic processes of organelles such as endoplasmic reticulum,
golgi, and endo-lysosomal system, possibly through the production of ROS. For example,
the swelling of the endoplasmic reticulum, vacuolar changes, and phagosomes were explicitly
seen in macrophage cells exposed to high doses of SWCNTs 154.
Among the limited studies on the effects of NPs on algae, plants, and fungi, both
direct and indirect effects have been found. Direct toxic effects of NPs on organisms are
mainly determined by their chemical composition and surface reactivity, which might incite
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redox reactions upon contact with organic molecules and impact photosynthetic or
respiratory processes. It has been reported that the accumulation of NPs in photosynthetic
surfaces might provoke foliar heating due to stomata obstruction and alteration of gas
exchange in plants

155

. NPs such as fullerenes have a photo-induced electron transfer

capacity156, which could therefore affect photosynthetic and respiratory processes upon cell
entry. TiO2 NPs have been shown toxic to green algae Desmodesmus subspicatus strongly
dependent on the size or surface area of the NPs 157. However, the aspect of NP aggregation,
which could possibly induce inhibitory effects, was not examined. Similarly, the effects of
alumina (Al2O3) NPs on plant root growth have been shown dependent upon their size
instead of chemical composition

158

. Zn and ZnO NPs have also been shown to affect

growth in radish, rape, and ryegrass159. These studies indicate that the observed phytotoxic
effects were related to the NPs themselves rather than their released ionic constituents, since
neither the supernatant after centrifugation nor the filtrated Zn and ZnO solutions exerted
any adverse effect on the plants. In contrast, a recent result showed that the toxicity of ZnO
NPs to five marine organisms could be mainly attributed to dissolved Zn2+160. Since the algal
cell surface is predominantly negatively charged

161

these organisms can attract positively

charged Zn2+ and ZnO NPs to further cause damage either mechanically or via ROS
generation. This observation was supported by a number of other studies

160, 162

.The major

difference in the differential toxicities of ZnO NPs and Zn2+ in the above studies is the high
concentration of ZnO NPs used in the former, which could primarily lead to aggregationinduced mechanical damage to the ryegrass. Similarly, silver NPs (AgNPs) have been
reported to incite membrane alterations, increase its porosity, and disrupt the capacity of
bacteria in regulating membrane transport 163, 164.
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The indirect effects of NPs are caused mainly by physical restraints, release of toxic
ions, or ROS production. As an example of physical restraint, the accumulation of NPs on
the surface of photosynthetic organisms may inhibit photosynthetic activity because of
shading effects, i.e., reduced light availability, rather than because of the toxicity of the NPs.
Such adsorption could also block uptake of essential nutrients either through clogging of the
cell wall or nutrient adsorption. It was observed that aggregates of carbon black bound to
sperm cells reduced fertilization success of Fucus serratus, a marine seaweed

165

. NPs might

produce ROS upon their interaction with organisms or with agents present in the
environment (e.g., ultraviolet radiation). NPs with photocatalytic properties such as TiO2,
AgNPs, and fullerenes have shown antibacterial effect with sunlight or UV illumination.166, 167
The generation of ROS can also be induced by release of toxicants from NPs. Ionic silver
(Ag+) released from AgNPs inhibited respiratory enzymes and induced oxidative stress upon
ROS generation164, 168. Ag+ may also bind to sulfur- and phosphorus-containing molecules (Sadenosylmethionine, cysteine, taurine, glutathione, etc.) involved in cell defense against
oxidation168, 169, and may result in depletion of intracellular concentration of those molecules
170

.
In addition to physical adsorption/trapping and ion release, organisms may excrete

compounds as a feedback response to impact nanotoxicity. Algal exudates can produce
substances to induce NP flocculation or metal ion chelation and thus reduce the
bioavailability of both NPs and their released metal ions. Exopolymeric substances
production has been shown to increase in algae upon exposure to NPs, and may thus
contribute to detoxification.
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1.5

Dendritice Polymers and Zinc Oxide Nanostructures
The extensive literature review above on the characteristic properties, applications,

forces governing soft and condensed nanomaterials, and their consequent impact on the
biological and ecosystems provide a framework for our understanding of the advantages,
limitations and potential risks of nanomaterials and nanotechnology. Such understanding is
crucial in accomplishing the essential objectives in this dissertation to: 1) understand the
physicochemistry of dendritic polymers for water purification; 2) develop a matrix for
guiding the environmental applications and implications of ZnO nanostructures.
Access to potable clean water is one of the most important issues facing the entire
world, especially in developing countries. It has been reported that 1.2 billion people lack
access to sufficient amounts of clean water, and 2.6 billion people lack adequate sanitation.
The combination of poor sanitation and low water quality accounts for the single largest
cause of disease and death in the world. Clean water is essential to human health and is also a
major resource across a variety of industrial processes, including pharmaceuticals, foodstuffs,
and electronics. The need for clean water is extensive, yet freshwater supplies are
diminishing globally as a result of extended droughts, pollution, population growth, and
increased industrial demand 171.
Given the importance of potable water to people in both the developed and
developing countries, and taking into account concerns regarding the viability of current
practices of meeting the increasing demands of all water users172, there is an urgent need for
developing innovative new technologies and materials in which challenges associated with
the provision of potable water can be addressed. Recent technological developments suggest
that many of the problems surrounding water quality could be resolved or diminished
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through the use of sorbents, catalysts, bioactive particles, catalytic membranes, and NP
enhanced filtration. To be successful, these solutions must reduce the concentrations of
toxic contaminants (metal ions, radionuclides, organic solutes, inorganic solutes, bacterial,
and viruses) to less than parts per billion levels in a cost effective and environmentally
responsible manner. Although new approaches are continually being examined, they need to
be lower in overall cost, durable and more effective than current options for the removal of
contaminants from water, either in situ or in water purification systems.
Among the conventional nanomaterials that are viable for the removal of water
contaminants, soft nanomaterials such as dendritic polymers possess appealing
characteristics including pH-dependent contraction and swelling, amphiphilicity, ample
interior voids and peripheral functional density, thermal stability, flexibility, low viscosity,
and high biocompatibility, rendering them particularly attractive as absorbents and hosts for
use in sensing and removal of inorganic and organic pollutants from water. Compared with
soft nanomaterials, condensed nanomaterials often show good stability and durability,
particularly at high temperature and high pressure, and have been utilized in remediation of
industrial effluents, groundwater, surface water and drinking water. For example, zeolites, an
inorganic crystalline porous material, are effective absorbents and ion-exchange media for
heavy metal ions, anions and radionuclides173-177. Carbonaceous nanomaterials can serve as
high capacity and selective sorbents for organic solutes in aqueous solutions178-180, and have
been successfully fabricated into carbon nanotube filters 181. Nanoscale zero valent iron (Fe0)
and bimetallic Fe0 particles have emerged as effective redox media for the detoxification of
organic and inorganic pollutants in aqueous solutions

182-184

. During the last decade, ceramic

powders of metal oxides such as TiO2 and ZnO have been found to exhibit remarkable
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antibacterial activities and been utilized in water treatment to remove biological
contaminants 185-187.
Advances in nanoscale science and engineering have provided unprecedented
opportunities for developing more cost effective and environmentally acceptable functional
materials, such as using soft matter of dendritic polymers and condensed matter of ZnO
nanostructures as highly selective, recyclable, and biocompatible chelators for water
purification, biosensing, and environmental remediation.

1.5.1

Dendritic polymers
Dendrimers are a class of polymeric nanomaterials with regularly branching repeat

units emanating from a central core. A dendrimer’s size and structure is characterized by
“generations”, which account for the number of branching points from the core to the
periphery. In research laboratories dendrimers are synthesized using a series of controlled
reaction steps188, 189 that endow these molecules with high molecular weight and the structural
precision of a small organic molecule. In addition to their well defined star-branched
structure190, dendrimers also possess appealing physical properties of low viscosity,
monodispersity, and high porosity. The unique physicochemical properties of dendrimers as
noted below make them particularly attractive as functional materials for water treatment:
i.

Versatile hosting capacity and robust recyclability: The surface charge and the hydrophobic
interior of dendritic polymers, usually occurs at pH 6-9, affords them excellent
solubility and numerous binding sites for counter ions and hydrocarbons through
electrostatic, hydrophobic, complexation, and van der Waals interactions. Recent
investigations

3, 191-201

have shown that dendrimers such as poly(amido amine)
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(PAMAM),

poly(propylene

imine)

(PPI),

and

PAMAM-tris(hydroxymethyl)

amidomethane, are capable of encapsulating metal cations and anions, polycyclic
aromatic hydrocarbons (PAHs), and inorganic solutes, and then reversibly releasing
the contaminant loads upon changing the solution pH and electrolyte strength or by
a UV trigger. For example, Diallo et al. conducted feasibility studies using PAMAM
and PPI dendrimers to selectively remove Cu(II) and perchlorate (ClO4-) from water,
respectively

198

. Once dendrimer-Cu(II) or dendrimer-ClO4-complexes were formed,

they were eliminated from aqueous solutions by ultrafiltration. Regeneration of the
dendrimers, at 90% or above, was realized when the solution pH was lowered to 4 to
release Cu(II) and raised to 9 to release ClO4-. Moreover, it has been demonstrated
that dendritic polymers can be integrated into existing, commercial ultrafiltration
membrane separation processes that permit low-pressure operating conditions.
ii.

High biocompatibility: Dendrimer related toxicity has been observed only for generation
seven and larger, and even then, only minimally202. Low intraperitoneal doses (~10
mg/kg) of positively charged PAMAM dendrimers did not result in measurable
toxicity but high doses of cationic surface dendrimers resulted in chronic toxic
behavior. However, no toxicity was observed even at doses of 1 g/kg

203

when 50%

if the cationic groups were replaced with neutral polyethylene oxide chains. Several
studies on the use of dendrimers for DNA transfection, metal ion contrast agent
carriers for MRI, targeted drug and therapeutic agent delivery vehicles and viral
inhibitors suggest that hyperbranched polyethylenimine (HY-PEI) polymers and
PAMAM dendrimers of generations 5 and below are non-toxic
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204

. Consistently,

studies to determine dendrimer toxicity in rats revealed that the degree of toxicity
varied from non-toxic to slightly toxic depending on the type of polymer used.
iii.

Degradability: PAMAM dendrimers show measurable degradation only in the third
year of storage at 5°C, and a shelf life of ~6-9 months at ambient temperature based
on retro-Michael reaction. Such long lifetime of dendritic polymers ensures their
stability and effectiveness for the practice of water treatment. Dendrimers with
aromatic structures within the polymer interior can be degraded by photon-induced
cleavage. Furthermore, addition of enzyme-degradable bonds (e.g., amides in
PAMAM) can be used such that intracellular or extracellular hydrolytic enzymes can
break the polymer chains within one; such property could become relevant upon
accidental uptake of dendritic polymers during water consumption. A third
mechanism for dendrimer degradation is by water hydrolysis acting on ester bonds
incorporated into the polymers. Such mechanisms may be utilized to selectively
break down dendritic polymers post their usage in water treatment.
Thus, the high and versatile hosting capacities, energy efficiency, regenerability,

selectivity, biocompatibility, and environmentally benign nature make dendritic polymers a
desirable nanomaterial for environmental applications. It is therefore an effort through the
first half of this dissertation to exploit the physico-chemical behavior of dendritic polymers
for environmental remediation.

1.5.2

Zinc oxide nanostructures
In addition to the major environmental pollutants mentioned above (metal ions,

anions, hydrocarbons, discharged NPs) that could be captured by soft dendritic polymers,
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global industries and agricultures also release large quantities of toxic organic compounds,
hazardous inorganic constituents and microorganism into wastewater causing pollution to
surroundings and giving rise to ecological problems. The new oxidation technology known
as Advanced Oxidation Processes (AOPs), using semiconductor nanomaterials for
destructing

complete

mineralization

of

the

organic,

inorganic

pollutants,

and

microorganisms, appears to be the most promising 205, 206. Among the existing semiconductor
nanomaterials, ZnO nanostructures with their unique characteristics as described below have
attracted increasing attention in environmental sensing and remediation.
i.

Photocatalytic properties. When a photon of energy hυ, equal or greater than the bandgap
energy (Eg = 3.2 eV) of semiconductor photocatalyst like ZnO creates an electron in
the CB to leave a hole in the VB. The photogenerated valence bond hole can readily
react with a surface hydroxyl group (-OH) or an adsorbed water molecule to produce
a hydroxyl (·OH), a strong oxidizing agent. The photogenerated CB electron reacts
with electron acceptors such as O2 adsorbed on the surface of the catalyst or
dissolved in water, reducing it to superoxide radical anion O2·-. The hydroxyl
molecules can further produce hydrogen peroxide anions (HO2−) following a
subsequent encounter with electrons. Hydrogen peroxide anions can then react with
hydrogen ions to produce hydrogen peroxide (H2O2)207 For nanoscale ZnO, larger
number of VB holes and/or CB electrons are available due to their small size,
interstitial zinc ions, and oxygen vacancies from crystal defects and possible
donor/acceptor impurities, which may lead to a much more production of ROS
compared with bulk ZnO. As a result, ZnO nanostructures can be used to degrade a
wide range of organic/inorganic pollutants and particularly in antimicrobial
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applications through induced ROS overproduction in bacteria and other
microorganism 166, 208.
ii.

Versatile electrostatic characteristics. ZnO NPs typically have neutral hydroxyl groups
attached to their surfaces in an aqueous solution, which play a key role in
determining their surface charges

209, 210

. In an aqueous medium at high pH, the

chemisorbed protons dissociate from the particle leaving a negatively charged surface
with partially bonded oxygen atoms (ZnO-). At low pH, protons in the medium are
likely to bind to the particle resulting in a positively charged surface from the
ZnOH2+ group. The high isoelectric point (IEP 9~10)211 indicates that ZnO
nanostructures possess a strong positively charged surface at neutral pH. Given that
most biological molecules such as proteins and lipids are net negatively charged, and
the outer membranes of microorganisms frequently contain a high concentration of
anionic phospholipids, interactions between ZnO nanostructures with biomolecules
and organisms are expected to be driven by electrostatic interactions, implying that
these nanostructures may serve as promising substrates for biosensing and
antibacterial applications5, 212.
iii.

Readily controlled synthesis techniques. The synthesis of novel ZnO nanostructures
including ZnO nanowires, ZnO nanobelts, ZnO nanorods, and ZnO tetrapods
allows their size, size distribution, surface morphology, and functionalities to be
controlled. By tailoring the size of the ZnO nanostructures it is possible to obtain a
greater advantage of enhanced permeation and retention effect (EPR) especially at
the scale of 5-20 nm. Moreover, the surface and electrostatic characteristics of ZnO
NPs can be varied by coating them with cationic surfactants such as CTAB
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(cetyltrimethyl ammonium bromide), by using different anionic, cationic and nonionic surface groups including polymethyl methacrylate, sodium dodecyl sulfate, and
by varying reaction medium and chemical precursors 213, 214.
Since the size, morphology, and surface functionality of ZnO nanostructures are
inherently related to their physicochemical properties, it is thus necessary to correlate the
ZnO nanostructures with their behaviors in biological and ecological systems. Accordingly,
the second half of this dissertation presents an environmental application of ZnO
nanostructures and further delineates the environmental implications of such nanomaterials
utilizing algae as a model host system.
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CHAPTER 2 A TRIS-DENDRIMER FOR HOSTING A VARIETY OF
CHEMICAL SPECIES
Chapter two aims at understanding the physicochemical properties of PAMAM
dendrimers in hosting a diversity of chemical species for the purpose of environmental
remediation.

Specifically,

the

high

hosting

capacities

of

a

poly(amidoamine)-

tris(hydroxymethyl)amidomethane dendrimer (tris-dendrimer) for various chemical species,
namely, cationic copper, anionic nitrate, and PAH phenanthrene (PN) have been discussed.
A pH-dependent specificity has been observed for the dendrimer, and the stoichiometric
ratios of its binding with the three chemical species have been determined using UV-vis
spectrophotometry. We have reached the understanding that cationic copper and anionic
nitrate coordinated with the amine groups of the dendrimer through complexation and
electrostatic interaction, while PN partitioned into the dendrimer interior through
hydrophobic interaction. This proof-of-concept study points to the vast potential of using
PAMAM dendrimers for supramolecular assembly, environmental remediation, and
nanomedicine.
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2.1

Introduction
The most appealing characteristics of dendrimers such as their pH-dependent

contraction and swelling, amphiphilicity, ample interior voids, high density of peripheral
functional groups, thermal stability, flexibility, low viscosity and high biocompatibility

173

have inspired research activities over the past decades in polymer science215, toxicology216,
environmental engineering197, 198, 217, and gene and drug delivery204, 218, 219. Molecular dynamics
(MD) simulations

220

showed that the porous interior of PAMAM dendrimer afforded

numerous cavities for accommodating guest species. The primary and tertiary amines of the
amine-terminated PAMAM dendrimer are fully protonated at pH 4 (pKa ~ 4) and fully
neutralized at pH 10 (pKa ~ 9). Hence, at pH 7, the interior of the PAMAM dendrimer stays
relatively hydrophobic, while the exterior is protonated affording it good water solubility.221
Recent studies have also shown that dendrimers such as PAMAM and poly(propylene imine)
are capable of encapsulating PAHs,222 inorganic solutes, and metal cations and anions and
then reversibly releasing the contaminant loads upon changing the solvent pH and
electrolyte strength or by a UV trigger197,

217, 223

. Such binding versatility implies that

dendrimers may act as a host for a variety of chemical species and serve as a
“nanosponge”222179 for the remediation of contaminated water and soils.224 It is noted that
research to date has been primarily focused on dendrimers with either -NH2 or -OH surface
groups and for high concentrations of absorbates. For example, Diallo et al. first employed
amine-terminated PAMAM dendrimers as a high capacity, recyclable, and nanoscale
container for transition metal ions199. Zhou, et al., studied the interaction between OHterminated PAMAM dendrimer and Cu(II) using matrix-assisted laser desorption
(MALDI)225. Lard et al. demonstrated the energy transfer between phenanthrene (PN), a
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PAH, and a major environmental pollutant, and Alexa Fluor 350 labeled amine-terminated
PAMAM dendrimer226. In contrast, research on the commercially available tris-dendrimer
has been surprisingly scarce. However, the tri-functional hydroxyl-surface groups and ample
inner structural voids of the tris-dendrimer (Figure 2-1) suggest its high capacity in hosting
cationic, anionic, and hydrophobic guest species, a characteristic not readily available from
any specific mono-functional NH2 or OH-terminated PAMAM dendrimer. Herein, we
report the absorption of three different chemical ligands— cationic copper (Cu(II)), anionic
nitrate (NO3-), and PAH (PN) by a tris-dendrimer. The selection of these chemical ligands
ensures the consideration of surface charge and hydrophobicity of guest species and offers a
comprehensive platform for evaluating the full-range hosting capacity of the tris-dendrimer.
For example, Cu(II) is a transition metal ion which readily solubilizes in water to form
complexes with d-d transitions throughout the near-ultraviolet, visible and near-infrared
regions of the spectrum. Because of its unique electronic configuration, Cu(II) is capable of
forming coordination complexes with a number of polydentate ligands. On the other hand,
complexation of anions is a challenging task due to their large size and high free energy of
solvation. NO3- is a weak base that does not readily form covalent bonds with metal cations
or protons. However, it interacts in a non-coordinating manner with receptors through
hydrogen bonding or electrostatic interactions. Hence the receptor should be able to form
several non-covalent interactions simultaneously. In addition, the selectivity of the receptor
toward NO3- in an aqueous environment is governed by its capability to host a mono-ionic,
trigonal planar anion as opposed to other oxoanions such as sulfate, phosphate, and
hydroxyls. In contrast to both cations and anions that have a significant solubility in water
(kCu(II) = 1250 g/L, kNO3- = 876 g/L)227, PN is a PAH which is weakly soluble in water (kPN =
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1.29 mg/L)228. Hence, its host should be able to partition PN into a hydrophobic
environment in an aqueous solution. The unique chemistry of tris-dendrimer with a highly
ordered chemical structure and tri-functional groups, thus, could be exceptional in hosting
chemical species of varying physical properties such as mentioned above. In the present
work, specifically, the stoichiometric dendrimer-ligand ratios are determined using UV-vis
spectrophotometry, and the binding mechanisms are discussed thereafter. The use of
microfluidics, an engineering tool

229-233

for describing the behavior, precise control, and

manipulation of fluids geometrically confined within a sub-millimeter scale, is employed to
further delineate the binding and dielectric properties of the tris-dendrimer upon its binding
with the chemical species at picomolar (pM) concentrations. The use of Cu(II), NO3-, and
PN is justified by their significant biological and environmental implications.234

Figure 2-1 (a) Structure of a generation 1 tris-dendrimer, the building block of the generation 4 trisdendrimer used in the present study. Red, oxygen; green, secondary amine; blue, tertiary amine. (b)
Scheme of the microfluidic system.

2.2

Materials and characterization
Generation 4 (G4) PAMAM tris-amidomethane dendrimer with a 1,6-diaminohexane

core and 64 surface groups (MW = 18,178, 10 wt % in H2O) was purchased from Sigma
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Aldrich and diluted in Milli-Q (pH 6.8) to 10 M for use. The pH values of the dendrimer
solution were adjusted to 2, 7, and 10 by titration using 1M NaOH or HCl. The
hydrodynamic sizes of the dendrimers were measured by a Nanosizer (S90, Malvern
Instruments), and the surface charges of the dendrimer at the three different pH values were
determined by a Zetasizer (Nano ZS, Malvern Instruments). Copper nitrate hydrate
(Cu(NO3)2.xH2O, MW = 188), sodium nitrate (NaNO3, MW = 85), and phenanthrene
(C14H10, MW = 178) were obtained from Sigma-Aldrich and used as the sources of Cu(II),
NO3-, and PN, respectively.
The tris-dendrimer possessed a zeta potential of -52.9mV at pH 10, -5.69mV at pH
7, and 6.5 mV at pH 2, respectively. The positive charge of the dendrimer at low pH was due
to the protonation of its tertiary amines; however, the low charge can be attributed to the
shielding of positive charge by the counterions (Cl-) in solution. Significant penetration of
counterions towards the dendrimer core has been observed in higher generation
dendrimers.235 These counterions shield the excess polymer charge near the core due to
backfolding of the surface groups with increasing generation.236 The large negative charge of
the dendrimer at pH 10 can be regarded due to the electron cloud dislocation as a result of
the effective OH bond stretching on the terminal methyl groups, triggered by the
interactions between the OH- ions from NaOH in solution and the trihydroxyl surface
groups on the dendrimer. Deprotonation of the dendrimer surface hydroxyl groups can be
ruled out based on the large pKa value of CH3OH (pKa = 15). The low negative charge at
neutral pH may be attributed to the afore-described bond stretching as well. The trisdendrimer exhibited the largest hydrodynamic size (diameter) of 4.5 nm at pH 10 compared
to that of 3.1 nm at pH 2 and 2.3 nm at pH 7. Such dependence of dendrimer size on
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solvent pH is understandable, since the electrostatic repulsion between the three partially
charged hydroxyls of each dendrimer surface group at pH 10 favored an open structure,
whereas the decrease in partial charge of each dendrimer surface group compromised the
electrostatic repulsion to yield a relatively hydrophobic dendrimer interior at neutral pH. At
low pH, in contrast, protonation of the tertiary amines and neutralization of the surface
groups promoted the dendrimer interior to become hydrophilic and the dendrimer to swell
in comparison with that at neutral pH (refer to Figure 2-1a). A 48.8% maximum swelling at
high pH was observed for the dendrimer in our experiment. This is in accordance with
previous MD simulations237 on the pH response of charged dendrimers, where a 15% and a
50% maximum swelling were observed for the radius of gyration of the dendrimers,
assuming rigid and soft bonds, respectively.

2.3

Characterization of dendrimer-chemical binding
In order to characterize the binding of the tris-dendrimer with the three different

chemical ligands, the absorbance spectra of the dendrimer-ligand complexes were measured
against the control dendrimer and the chemicals using a UV-vis spectrophotometer (Biomate
3). All measurements were done using quartz cuvettes. The concentration of the dendrimer
in each aqueous solution was kept constant at 10 M while the concentrations of the ligands
were varied. Specifically, the water-soluble Cu(II) and NO3- were diluted in Milli-Q, while the
hydrophobic PN was dissolved in methanol. The mixtures of Cu(II), NO3-, and PN with the
tris-dendrimer were prepared at pH 10, 2, and 7, respectively, with the molar ratio of trisligand kept at 1:10. The mixtures were then incubated for 30 min on a shaker prior to the
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measurement. Survey scans of the absorbance of the control dendrimer, the chemicals, and
the dendrimer-ligand complexes were conducted for the wavelength range of 190-800 nm.
The signature peaks for the dendrimer-chemical complexes were identified. The binding
dynamics of the tris-ligands were established by measuring the absorbance of the complexes
at their characteristic peak wavelengths, i.e., 300 nm for tris-Cu(II), 210 nm for tris-NO3-,
and 250 nm for tris-PN.
The unique pH responses in the structure and net charge of the tris-dendrimer were
utilized to absorb the charged and noncharged chemical ligands in aqueous solutions.
Specifically, tris-Cu(II) and tris-NO3- showed characteristic broad absorbance peaks around
300 and 210 nm, respectively, whereas tris-PN displayed an increase in the PN absorbance
peak at 250 nm (Figure 2-2(a-c)). The appearance of characteristic peaks for tris-Cu(II) and
tris-NO3- indicates the formation of dendrimer-ligand complexes. The interaction
mechanisms are discussed in detail below:
i.

Dendrimer-metal complexes: Specifically, Cu(II) complexed with the secondary and
tertiary amine groups of the tris-dendrimer at high pH to yield a broad absorbance
peak at 300 nm (290-340 nm). Such an absorbance peak is attributed to the ligandto-metal charge transfer (LMCT)238 between Cu(II) and the ligand groups on the trisdendrimer. Copper in aqueous solutions exists as hexadentate Cu(H2O)62+
complexes, which undergoes ligand exchange upon interaction with the trisdendrimer. Plausible locations of the Cu(II) are indicated in Figure 2-2a (right panel),
following the proposed model by Ottaviani et al.239. Coordination of Cu(II) with
terminal OH groups is, however, believed to be unfeasible240. It has been shown
earlier that metal ions, including Cu2+, Ag+, Pt2+, Pd2+, Ru3+, and Ni2+, partitioned
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into the interior of PAMAM dendrimers, where they were strongly complexed by
interior functional groups.239, 241, 242 The band arising from LMCT was much stronger
than that from the d-d transition between 600 and 800 nm (data not shown), possibly
due to the low concentration (100 M) of Cu(II) used. The low concentration of
Cu(II) also did not result in the formation of copper clusters within the dendrimer.
This could be inferred from the absence of the absorption peak around 570 nm that
typically arises from the Mie plasmon resonance of small copper clusters.241
ii.

Dendrimer-anion binding - At low pH, NO3- formed complexes with the protonated
tertiary amines of the tris-dendrimer, as represented by an increase in the magnitude
and change in the absorbance profile of the tris-NO3- near 210 nm (Figure 2-2b). In
the case of metal ions such as Cu(II), transition-metal receptors are Lewis bases that
donate a pair (or pairs) of electrons to the metal via a coordinating bond. In anion
coordination, the lone pair of electrons is donated in the reverse fashion from the
anion to a hydrogen atom on the ligand, resulting in hydrogen-bond formation. The
binding cavity then orients the H-bond in a trigonal planar coordination sphere in
accordance with NO3- coordination.

iii.

PAH encapsulation by dendrimers - As illustrated in Figure 2-2c, at neutral pH, the
interaction between the PN and the tris-dendrimer is indicated by an increase of the
PN absorbance peak at 250 nm, reflecting the partitioning of PN from methanol to
the dendrimer in the aqueous phase. It is worth noting that new absorbance bands
emerged for Cu(II) and NO3- upon their electrostatic interactions with the trisdendrimer. For PN, however, only an increase of the absorbance occurred resulting
from its partitioning from the aqueous phase to the relatively hydrophobic
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dendrimer interior. The interactions of the -electron orbitals of the PN with the
surface hydroxyl groups of the dendrimer can be ruled out due to the physisorbed
waters forming H-bonds with the surface hydroxyl groups.
Thus, the UV-vis measurement provided a direct evidence that tris-dendrimer can serve as a
versatile host for guest species NO3- at low pH, PN at neutral pH, and Cu(II) at high pH.
However, the projected locations of the chemical ligands within the dendrimer are
speculative at this point.
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Figure 2-2 Absorbance spectra of (a) control tris-dendrimer, control copper, and tris-copper complex at pH
10 and 2, and enlarged branch of tris-dendrimer, and possible copper coordinations at pH 10, (b) control
tris-dendrimer, control nitrate, and tris-nitrate complex at pH 10 and 2, and enlarged branch of trisdendrimer and possible nitrate coordinations at pH 2, and (c) control tris-dendrimer, control PN, and trisPN complex at pH 7 and 2, and enlarged branch of tris-dendrimer and possible PN localization at pH 7.

The normalized binding dynamics between Cu(II), NO3-, and PN with the trisdendrimer are presented in Figure 2-3. The optimum loading for tris-Cu(II) and tris-NO3occurred immediately after their initial mixing and saturated over time. In comparison, the
phase separation of PN started around 15 min but did not reach completion during our
observation time of 48 h. This is a result of an incomplete evaporation of the methanol from
solution. These dynamics further delineate the hypothesis that different binding processes
took place for charged vs. noncharged chemical ligands with the tris-dendrimer host. Such
contrasting binding dynamics can also be attributed to the fundamental differences between
the long-range electrostatic interactions for tris-Cu(II) and tris-NO3- and the hydrophobic
interaction for tris-PN which occurred only within the dendrimer.
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Figure 2-3 The binding dynamics of Cu(II), NO3- and PN with tris-dendrimer. The absorbance readings
were obtained at 300 nm for tris-Cu(II), 210 nm for tris-NO3-, and 250 nm for tris-PN, respectively,
immediately following their initial incubations.

To determine the maximum binding capacity of the tris-dendrimer, we further
characterized the number of the chemical ligands absorbed per dendrimer through
spectrophotometric titration. Parts a-c of Figure 2-4 indicate that each tris-dendrimer
absorbed up to 64 Cu(II) ions, 32 NO3- ions, and 10 PN molecules, respectively. It is
therefore reasonable to infer that the Cu(II) ions coordinated with the 64 secondary amine
surface groups of the tris-dendrimer at high pH whereas the NO3- ions electrostatically
bound with the protonated tertiary amine groups of the dendrimer interior at low pH as well
as through hydrogen bonding with the amido amines. These observations are consistent with
previous research on the binding of Cu(II) onto a G4 hydroxyl-terminated dendrimer.241
However, for PN, we could approximately quantify the absorption capacity and dynamics in
the following way. The amount of methanol which evaporated from solution was measured
indirectly by measuring the absorbance of the control PN solution periodically. This gave us
an estimated amount of PN partitioned to the air-water interface of the solution and the
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fraction of the partitioned PN absorbed by the tris-dendrimers. According to BeerLambert’s law,
[ PN ]n  I PNn 

[ PN ]0
I PN 0

(2-1)

where [PN]n and [PN]0 are the concentrations of PN in solution at time t=n and 0
respectively, and IPNn and IPN0 are their respective absorbance intensities. By assumption that
the concentration of PN at time t=0 is the total concentration of PN in solution, i.e.,
[PN]0=[PN]T and IPN0=IPNT, we have
[ PN ]S  [ PN ]T  [ PN ]n
[ PN ]x 

[ PN ]T  I mixn
I PNT

(2-2)
(2-3)

where [PN]S is the concentration of the PN partitioned to the air-water interface, and [PN]x
accounts for the concentration of the PN absorbed into the dendrimer and that is left in
solution. Since the absorbance of the mixture is higher than the control PN at any time t, it is
a good approximation to conclude that this extra absorbance can be attributed to the PN
which has been absorbed by the tris-dendrimer from the PN partitioned to the air-water
interface of the solution. Hence, the fraction of the total PN partitioned to the air-water
interface of the solution absorbed by the dendrimer at the interface is given by
y

[ PN ]x  [ PN ]n
[ PN ]s

(2-4)

A plot of y vs. the ratio of PN to tris-dendrimer (Figure 2-4c) indirectly indicates that the
tris-dendrimer reached its full capacity of capturing PN into its interior on reaching a ratio of
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10:1 for PN:tris-dendrimer. Such a PN loading capacity of 98 mg/g was slightly better than
for a functionalized poly(propyleneimine) (PPI) (44-67 mg/g) earlier reported.222 This higher
loading capacity could be attributed to the fact that in our experiment, the PAMAM
dendrimers were free in solution and hence the entire 3D structure was available to the PN
molecules, whereas in the above mentioned study, PPI dendrimers were rendered completely
water insoluble by functionalization and the adsorption experiments were carried out on
dendrimer thin films. The formation of thin films sacrificed partial dendrimer encapsulation
capability due to their collapse on the substrate. At neutral pH, none of the tertiary amines
of the tris-dendrimer were charged, and the neutral tris-dendrimer interior afforded a high
affinity for the PN. Since hydrophobic interaction is not as specific as electrostatic
interaction, the titration curve of the tris-PN complex is less smooth than that of tris-Cu(II),
and tris-NO3-. The fluctuations in the absorbance post the saturation point (10 PN
molecules to 1 tris-dendrimer, Figure 3-4c) further corroborate the nonspecific nature of PN
partitioning within the dendrimer. The solubilization in the hydrophobic environment in the
interior of the dendrimers is further augmented by the formation of charge-transfer
complexes between the PN aromatics and the dendrimer tertiary amine.222
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Figure 2-4 Spectrophotometric titration plots for (a) tris-Cu(II) at 300 nm, (b) tris-NO3- at 210 nm, and (c)
tris-PN at 250 nm.

2.4

Regeneration of tris-dendrimer
Binding of chemical ligands to the tris-dendrimer is pH dependent. Hence by simply

subjecting the complexes to elevated or reduced pH, one can regenerate the dendrimer. To
investigate such a regeneration, the pH of the tris-chemical mixtures with the highest
concentrations of chemicals absorbed were altered by titrating 1 M NaOH or 1 M HCl. The
samples were then equilibrated for 30 min by constant mixing and their spectra recorded
using a UV-vis spectrophotometer against the respective blanks.
We observed that on lowering the tris-Cu(II) solution pH to 2, the complex
absorbance peak disappeared (Figure 2-2a). At low pH, H+ competed with Cu2+ for tertiary
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amine sites resulting in decomplexation of Cu2+, and it was therefore possible to release Cu2+
from the dendrimer interior. Note there was a ligand exchange reaction from amines to the
Cl- (from the HCl added to lower the solution pH) and hence a formation of CuCl2 was
highly probable to limit hexadentate Cu(H20)62+ reformation.
A similar decomplexation can be observed for NO3- upon increasing the tris-NO3solution pH to 10, as indicated by the similarity of the complex peak and the control trisdendrimer peak at 210 nm (Figure 2-2b). This resulted in a hydrophobic dendrimer interior
due to tertiary amine deprotonation and repulsion of the NO3- from the dendrimer interior.
The change in the control NO3- peak with pH could be attributed to the excess of NaOH at
high pH and HCl at low pH, each resulting in ion association with NO3-.242 It is well-known
that the UV absorption spectrum of aqueous NO3- consists of two bands—a highly intense
peak at approximately 200 nm and a much weaker peak at approximately 300 nm.243
However, because of the low concentration of NO3- used in our study, the peak at 300 nm
was not observed.
By lowering the tris-PN solution pH to 2, the dendrimer interior became protonated,
and the resulting decrease in the hydrophobicity of the dendrimer interior rejected the PN
out of the dendrimer. This was indicated by a decrease in the complex peak and its
resemblance to the control PN peak at low pH (Figure 2-2c). We have earlier reported
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through adsorption-induced fluorescence resonance energy transfer (FRET) that an
optimum energy transfer between PN and a labeled amine terminated G5-PAMAM
dendrimer took place around pH 8. MD simulations therein showed that at low pH, PN-PN
interactions were energetically favorable as opposed to PN-dendrimer interactions at neutral
pH. Further, at high pH, due to the contracting dendrimer size and surface crowding of
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functional groups, PN molecules only adsorbed on the surface of the dendrimers and were
prevented from partitioning into it. Atomistic MD simulations by Lin et al.193 showed that
buried water molecules, i.e. water molecules in the interior of the PAMAM dendrimers, were
thermodynamically unfavorable compared to that in the bulk water well outside the
dendrimer at neutral pH. However, at low pH, the free energy of the buried water molecules
became comparable to that in the bulk. This further corroborates our hypothesis that due to
the increased hydrophilicity of the inter of the dendrimers at low pH, the hydrophobic PN
molecules would be energetically unfavored inside the dendrimer and hence were released
from the interior and interact with other PN molecules through stacking.
Thus, tris-dendrimers could be efficiently regenerated by acid or base washing for all
the three different types of chemical species.

2.5

Dendrimer-ligand binding using microfluidics
Our microfluidic device consisted of an HP8510C vector network analyzer, a

Cascade probe station with ground-signal-ground (GSG) probes, and a custom-designed
quartz wafer of 4 inches in diameter and 500 μm in thickness. The quartz wafer contained
several coplanar waveguide (CPW) transmission lines and two Wilkinson power dividers.
The difference in lengths between the two signal branches provided a 180°phase difference
which canceled out parasitic background signals at design frequency ranges. The widths of
the gap and signal lines of the CPW in the sensing zone section were both 5 μm. The
working scheme of the device is illustrated in Figure 2-1b. The input signal was evenly split
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by the Wilkinson power divider into the two branches. A signal propagating through the test
branch (the bottom line) was scattered by the material in the test well which then interfered
with the signal passing through the reference well on the reference branch (the top line).
Denoting the path length difference between the test and the reference branches by L1, and
the physical length in the testing zone by L2, we can calculate the phase change of the output
signal as

1  L1  ( 2   3 )  L2

(2-5)

where  1 is the propagation constant in the transmission lines exposed to the air and  2 and

 3 are the propagation constants in the test well and the reference well respectively. Hence,
when the reference well and the test well are filled with the same material,  2   3 and

1  L1   . This provides a 180°phase shift between the interfering signals along the two
branches, resulting in a cancelation point in the frequency domain (denoted by  1 ) at which
the output signal S21  0 . When the test well is filled with a different material, the effective
electrical length of the test branch is altered due to a change in permittivity in the test well.
Based on the principle described above, we can obtain the propagation constant in the test
well (  2 ) through:

1  L1  ( 2   3 )  L2  

(2-6)

and express the effective permittivity of the test well on the test branch as:

 eff 

 22
4 2 0 0 r f 2

(2-7)
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where f is the frequency of cancellation point. From equation (2-7), we can infer that the
permittivity of the sample in the test well is inversely proportional to the frequency of the
cancellation point. Therefore, materials in the test well with a larger permittivity would result
in a downshift of the cancellation frequency, while sample with a smaller permittivity would
induce an increase of the cancellation frequency.
According to the above analysis, by incubating the dendrimer with chemical species
of different concentrations, the effective permittivity of the dendrimer-ligand complex will
vary due to their binding, which will be further indicated by a shift in the cancelation point
of the microfluidic system.
The concentrations of the species used for microfluidic measurements ranged from
30 µM to 3 pM. The Cu(II) and NO3- were diluted in Milli-Q and incubated separately with
the Tris-dendrimer at pH 10 and 2 respectively, at a volume ratio of 1:1 for 30 min. The PN
was first diluted in methanol and then incubated with the Tris-dendrimer in aqueous
solution at pH 7, at a volume ratio of 1:9 for 12 h. The Tris-PN mixture was stored in a
parafilm covered Eppendorf tube to allow methanol evaporation, while a constant stirring
was applied to the mixture to facilitate their binding. An HP8510C vector network analyzer
and a Cascade probe station with ground-signal-ground (GSG) probes were employed to
collect the scattered signals. A full two-port calibration procedure was conducted prior to the
measurement. Tris-dendrimers could be efficiently regenerated by acid or base washing for
all the three different types of chemical species.
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Figure 2-5 Exemplified microfluidic measurement of Tris-nitrate binding. The Tris-dendrimer at pH 2 was
incubated with nitrate of 3 pM to 30 M. An evident frequency downshift occurred with increased nitrate
concentration (indicated by the red arrow). binding dynamics of Cu(II), NO3- and PN with tris-dendrimer.
The absorbance readings were obtained at 300 nm for tris-Cu(II), 210 nm for tris-NO3-, and 250 nm for trisPN, respectively, immediately following their initial incubations.

The aforementioned UV-vis spectrophotometry study has demonstrated the
versatility of Tris-dendrimer as a high-capacity chelator and host for both charged and
neutral chemical species in aqueous solutions. To better understand the binding and
dielectric properties of the dendrimer-ligand complexes we further conducted a microfluidic
measurement of the Tris-dendrimer exposed to the species of 30 µM to 3 pM in
concentration. Figure 2-5 exemplifies the microfluidic result of the dendrimer incubated with
different concentrations of NO3- at pH 2. The rightmost black curve indicates the control
solution of the Tris-dendrimer alone. With the increased concentration of NO3-, the
cancelation points (minimum peak positions) in the frequency domain continuously shifted
to the left; the peak shift was easily detectable even for a low nitrate concentration of 3 pM.
If the sample in the test well possesses a higher permittivity than the control in the reference
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well, the effective electrical length of the test branch will increase accordingly. This will give
rise to a greater difference in the effective electrical length between the test branch and the
reference branch, and further trigger a downshift of the cancelation frequency to satisfy the
180°phase cancelation condition for the two branches. On the contrary, a sample of lower
permittivity would cause the cancelation position to shift to a higher frequency. In the case
of Tris-nitrate binding, specifically, the downshifts of the cancelation position with increased
nitrate concentration signified an increased Tris-dendrimer permittivity due to the increased
nitrate binding.
Additional microfluidic measurements were conducted for Cu(II) and PN and the
results are collectively shown in Figure 2-6. The curves with hollow diamond markers
represent the frequency shifts of the control Cu(II) and NO3-. No PN control was available
since the PN was first dissolved in methanol prior to its mixing with the dendrimer.
Interestingly, unlike the anionic NO3- which increased the dendrimer permittivity upon their
binding (i.e., a decrease in the cancelation frequency) at pH 2, the dendrimer bound with the
cationic Cu(II) or neutral PN exhibited a reduced permittivity (i.e., an increase in the
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cancelation frequency). Such variations in the dendrimer permittivity can be attributed to the
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Figure 2-6 Frequency shifts of the Tris-ligand complexes (solid diamonds) vs. the controls for copper and
nitrate (hollow diamonds), measured by microfluidics. The frequency shift for Tris-PN was calculated by
comparing the signals for Tris-PN (scattered) and Tris-dendrimer (reference). No PN control was available
since the PN was first dissolved in methanol prior to its mixing with the dendrimer.

altered dipole moment of the Tris-dendrimer upon its binding with the species. Specifically,
the hydroxyl and amino surface groups of the Tris-dendrimer afforded the molecule charge
polarities or a dipole moment. When the anionic nitrate ions were bound to the Trisdendrimer they strengthened the negative polarity of the dendrimer to yield a larger dipole
moment. Higher concentrations of the nitrate ions further increased the dipole moment as
well as the permittivity of the dendrimer. When the cationic copper ions were bound to the
dendrimer, the dipole moment of the dendrimer was weakened simply due to metalization
upon Cu(II)-dendrimer complex formation. Consequently, the dendrimer-copper complex
assumed a reduced permittivity with increased copper concentration. As for the PN, its
complexation with the hydrophobic dendrimer interior was polarized by the external electric

64

field applied to the microfluidic system, which compromised the dipole moment of the TrisPN complex to induce an increased cancelation frequency.

2.6

Discussions and summary
In summary, with regard to dendrimer environmental applications we have

demonstrated that tris-dendrimer can serve as a full-range host for the binding and
encapsulation of cationic, anionic, and PAH ligands. The selective absorption and maximum
loading of the Tris-dendrimer have been characterized using UV-vis spectrophotometry for
major chemical species of environmental relevance - copper, nitrate, and PN at different pH
values. Our microfluidic study has offered more detailed information regarding the dielectric
properties and complexation of Tris-dendrimer with the chemical ligands, for concentrations
down to the pM level. The formation and dynamics of the dendrimer-ligand complexes have
been discussed from the standpoints of physical chemistry and the electric dipole moments
of the complexes in an external electric field.
The tri-functionality of the Tris-dendrimer could be advantageous owing to its
higher surface charge density than the cationic or anionic mono-functional PAMAM
dendrimers. In addition to environmental implications such as water purification and spilled
oil dispersion, Tris-dendrimer may find new applications in supramolecular chemistry, soft
matter, chemical engineering, and nanomedicine.
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CHAPTER 3 DENDRITIC NANOTECHNOLOGY FOR REMEDIATING
DISCHARGED NANOPARTICLES

Chapter Three focuses on the use of dendritic nanotechnology and molecular selfassembly for capturing potentially harmful discharged nanoparticles in the aqueous
environment. Here we show that poly(amidoamine) (PAMAM) dendrimers of both
generations 1 (G1) and 4 (G4) can host 1 fullerenol per 2 dendrimer primary amines as
evidenced by isothermal titration calorimetry (ITC), DLS and spectrofluorometry.
Thermodynamically, the interactions were similarly spontaneous between both generations
of dendrimers and fullerenols, however, G4 formed stronger complexes with fullerenols
resulting from their higher surface charge density and more internal voids, as demonstrated
by spectrofluorometry. In addition to hydrogen bonding that existed between the dendrimer
primary amines and the fullerenol oxygens, hydrophobic and electrostatic interactions also
contributed to complex formation and dynamics. Such a hybrid of a soft and a condensed
nanoassembly may have implications for environmental remediation of discharged
nanomaterials and entail new applications in drug delivery.
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3.1

Introduction
Nanoscale assembly is an area of research that has vast implications for molecular

design, biological sensing, environmental remediation, nanofabrication, supramolecular
chemistry, energy, and catalysis.244, 245 Within the pH range of 7-10, PAMAM dendrimers
bind to ions through multiple mechanisms, including Lewis acid-base complexation with
their primary and tertiary amines serving as donors, ion-pairing with charged terminal
groups, and non-specific interactions that result from the physical encapsulation of ions in
interior cavities which may involve interactions with trapped counterions or water
molecules.3, 197, 217, 224 Generally, lower-generation dendrimers bind to guest molecules or ions
more effectively due to their more accessible interior which offers decreased mass transfer
resistance and facilitates more guest-host collisions than their higher generation
counterparts.224 Importantly, dendrimers can also reversibly release contaminant loads
through changes in the solvent pH and electrolyte strength, or via a UV trigger. For example,
using PAMAM and PPI dendrimers Diallo, et al.197,
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, selectively removed Cu(II) and

perchlorate (ClO4-) from water. Once dendrimer-Cu(II) or dendrimer-ClO4- complexes were
formed, they were eliminated from aqueous solutions by ultrafiltration. Regeneration of the
dendrimers, at 90% or above, was realized when the solution pH was lowered to 4 to release
Cu(II) and raised to 9 to unload ClO4-. The primary mechanism behind the regeneration was
attributed to the pKa values of the primary (~7) and tertiary (~4) amine groups of the
PAMAM dendrimers.246 Protonation of the tertiary amines at pH 4 coordinating with the
Cu(II) resulted in electrostatic repulsions, whereas deprotonation of the primary amines at
pH 9 reduced the attractions between the ClO4- and the deprotonated amines. Recently,
there has been increased interest in dendrimer host-guest supramolecular assembly.247 Indeed
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molecular dynamics simulations have shown that protonation of the dendrimer amines favor
intermolecular hydrogen bonding with guest species, in addition to other non-covalent
intermolecular forces such as ionic bonding, polar and van der Waal’s forces.248
In addition to environmental and industrial applications, dendrimers can bind either
covalently or noncovalently with small and macro-biomolecules as well as metal ions, and act
as transporters for the delivery of genes, drugs, prodrugs, MRI contrast agents, and viral
inhibitors.202, 215, 249 The feasibility of such applications is established upon the understanding
that PAMAM dendrimers interact readily with phospholipids and show high permeability
through cell membranes,249-253 thereby rendering them non-viral transporters with high
efficacy.252 The biocompatibility of dendrimers has been a topic of concern, but toxicities
were reported for PAMAM dendrimers of generations seven and larger, and only
minimally.254 Additionally, such toxicity can be reduced by neutralizing the surface charge of
the dendrimer or converting the surface charge to anionic.255
In contrast to the “soft” polymeric dendrimers, fullerenes and their derivatives are
carbon-based, single-molecular particulates that possess appealing mechanical, thermal,
electrical, physicochemical, and redox properties; the last two aspects endowed them a name
of “nanopharmaceuticals”.256-259 Consequently, fullerenes and their derivatives are building
blocks for designing nanoscaled assemblies for promising physical, biological, and medicinal
applications. For example, photovoltaic devices made of polymer-fullerene derivatives -where the polymer acts as the electron donor and the fullerene as the electron acceptor –
have been studied and commercialized.260 Conjugation of murine anti-gp240 melanoma
antibody to fullerene C60 with cross-linker N-succinimidyl-3-(2-pyridyldithio)propionate
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(SPDP), has been shown to preserve the drug potency and facilitate the development of
fullerene immunotherapy. 261
Hydrophobic fullerenes C60 and C70 show a propensity for the amphiphilic lipid
bilayer and can potentially impact cellular processes including electron transport in the
photosystems of plant species. Water-soluble fullerene derivatives C60(OH)x -- or fullerenols
-- have been found effective in suppressing reactive oxygen species and the toxicity of
copper, and have been employed as glutamate receptor antagonists and antiproliferative,
neuroprotective or anticancer agents.259,

261

Along with these biological and medicinal

applications, the fate of fullerenes and their derivatives in living systems has become a topic
of much research effort, especially over the past decade.262-264 Using in vitro and in silico studies
Sayes, et al.265-269, delineated the differential cytotoxicities of pristine and functionalized
fullerenes, and attributed such contrasting cell responses to lipid peroxidation,
hydrophobicity, and distribution of potential of mean force associated with the nanoparticles
in a lipid bilayer. Others270 and our group271,

272

showed that fullerenol could inhibit

polymerase chain reaction (PCR) and microtubule polymerization in vitro. Specifically, the
surface hydroxyls of fullerenol C60(OH)20 complexed with the triphosphate oxygens of
nucleotides and nucleic acids and with the alpha helices and the junctions of tubulin dimers
through hydrogen bonding (H-bonding), as well as hydrophobic and electrostatic
interactions. In addition, water-soluble C60(OH)20 compromised plasma membranes to
induce necrosis in Allium cepa cells, driven by concentration gradient of the nanoparticles
across the hydrophobic plant cell wall.273
In view of the promises of fullerenes and dendrimers for nanomedicine, and in view
of the crucial need for developing new strategies for mitigating the potential adverse effects
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of environmental discharge of nanomaterials, here we show a novel self-assembly of
PAMAM dendrimers and fullerenols and elucidate the underlying physical chemistry and
thermodynamics for such assembly. Both generations 1 and 4 (i.e., G1 and G4) dendrimers
have been employed to take advantage of their versatile morphology, charge density (8 and
64 primary amines per G1 and G4 dendrimer, respectively), and radius of gyration. In
addition to providing a fundamental basis for dendrimer environmental applications and
drug delivery, this study also serves as a proof-of-concept that nanomaterial discharge -- an
emerging environmental concern -- maybe remedied by alternative nanotechnologies.

3.2

Materials
Amine terminated PAMAM dendrimers with ethylenediamine cores of generations 1

(MW 1430, 9.98 wt % in H2O) and 4 (MW 14,215, 14.04 wt % in H2O) (G1 and G4,
respectively) were purchased as aqueous solutions from Dendritech, Inc. Polyhydroxy-C60
(C60(OH)n, fullerenol hereafter, n~18-22) was purchased from BuckyUSA. An average of 20
OH groups per fullerenol molecule was assumed for all measurements. All materials were
used as received. The stock fullerenol suspension of 1 mM was prepared in deionized water
by bath sonication for 30 min.

3.3

An Empirically Determined Ratio of Dendrimer-Fullerenol Assembly
The average hydrodynamic diameter, particle size distribution and polydispersity

indices (PDI) of the dendrimer-fullerenol assemblies were measured using a Nanosizer (S90,
Malvern Instruments). The pristine dendrimer and fullerenol aqueous solutions were filtered
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with Anotop filters (Whatman) of 20 nm pore size prior to the measurements. 19 injections
of dendrimer solutions of 8 L each were added to 1.46 mL of fullerenol suspension in a
standard plastic macro-cuvette of path length 1 cm. The dendrimer-fullerenol mixtures were
allowed to incubate for 5 min after each successive injection and 30 sec mixing prior to the
measurements. The pH of the final mixture was 6.5. Three repeats were performed for
statistical error analysis. Surface charges of the pristine dendrimer and fullerenol suspensions
and that of the dendrimer-fullerenol mixtures at different stoichiometric ratios were
measured using a Zetasizer (NanoZS, Malvern Instruments).
As shown in Table 3-1, the hydrodynamic diameter of fullerenol averaged 4.4 ± 3.8
nm at 10 M and 5.1 ± 5.1 nm at 100 M, indicating the association of fullerenols as a result
of hydrophobic and hydrophilic partitioning. The zeta potentials of both G1 and G4
dendrimers were positive due to their protonated primary amines at neutral pH (Table 3-1).
Upon addition of G1 and G4 dendrimers to fullerenol solutions, however, the average
hydrodynamic diameter of the dendrimer-fullerenol assembly increased immediately by an
order of magnitude (Figure 3-1). Also, the stoichiometric ratio of greater than one fullerenol
per primary amine suggested that their binding was more complex than ionic bonding, likely
also involving hydrogen bonding (H-bonding) and hydrophobic interaction. For G1
dendrimer, saturation in the aggregate size was observed ranging between 710-955 nm, for a
G1/fullerenol molar ratio of 0.27 (corresponding to 2.19 primary amines per fullerenol) or
higher (Figure 3-1 (a)). For G4 dendrimer, uniform sized aggregates were formed until the
ratio of dendrimer/fullerenol reached ~0.03 (corresponding to 2.14 primary amines per
fullerenol, Figure 3-1 (b)). As more dendrimers were added to the suspensions, the
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fullerenols associated with one dendrimer started to interact with those bound to
neighboring dendrimers to trigger the formation of dendrimer-fullerenol supramolecular
complexes, likely mediated by H-bonding. Such inter-cluster interactions also occurred in the
case of G1/fullerenol system. Interestingly, the number of primary amines/fullerenol at
which inter-cluster aggregation occurred was ~2 for both G1 and G4 dendrimers. Whereas
the sizes of the G1/fullerenol and G4/fullerenol complexes were comparable (1,000 – 1,300
nm) at a primary amine/fullerenol ratio of ~2, precipitation occurred more rapidly for G4
dendrimers (Figure 3-1 (a-c)), implying a stronger G4/fullerenol association
.
Table 3-1. Characterizations of fullerenols, PAMAM dendrimers and their assemblies
Particle

Hydrodynamic size (nm)

Polydispersity index (PDI)

Zeta potential (mV)

C60OH20 (10 M)

4.4 ± 3.8

1.00 ± 0.00

-21.8 ± 10.9

C60OH20 (100 M)

5.1 ± 5.1

0.68 ± 0.22

-53.8 ± 10.5

G1-NH2 (200 M)

2.5 ± 1.6

0.84 ± 0.12

24.7 ± 3.0

G4-NH2 (50 M)

5.3 ± 1.3

0.74 ± 0.06

23.6 ± 4.8

[G1]/[C60OH20] = 0.05

79.18

0.25 ± 0.03

-25.0 ± 6.5

[G1]/[C60OH20] =1.37

1071

0.24 ± 0.04

9.7 ± 6.4

[G4]/[C60OH20]= 0.001

196.7

0.18 ± 0.02

-52.1 ± 4.9

[G4]/[C60OH20]= 0.04

403.2

0.20 ± 0.03

-12.7 ± 7.8
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(a)

(b)

(c)

Figure 3-1 DLS measurements of (a) G1/fullerenol and (b) G4/fullerenol assemblies, and (c) image of
G4/fullerenol complexes at a ratio of number of primary amines of G4/fullerenol = 3 (left) and 2.2 (right)..
An abrupt increase in the hydrodynamic size of the complexes was observed for both G1/fullerenol and
G4/fullerenol mixtures at a ratio of number of primary amines of dendrimer/fullerenol ≈ 2.
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3.4

Thermodynamics of Dendrimer-Fullerenol Assembly
ITC was performed with a VP-ITC Isothermal Titration Microcalorimeter

(MicroCal, Inc.) with dendrimers in the injection syringe and fullerenol in the experimental
cell, while the reference cell contained deionized water. Concentration of fullerenol in the
experimental cell was 10 M (0.0106 g/L) for reactions with G1 dendrimer and 100 M
(0.106 g/L) for G4 dendrimer. The concentrations of G1 and G4 dendrimers in the injection
syringe were 200 M and 50 M, respectively. The initial volume of fullerenol in the reaction
cell was 1.46 mL. Each experimental run consisted of 31 to 35 injections of 8 L each at an
interval of 3 min between successive injections. The sample cell was maintained at 25oC and
stirred at 200 rpm. Heats of dilution of dendrimers were subtracted from the final ITC
results. Due to the negligible dilution of fullerenol, heats of dilution of fullerenol were
minimal.

Apparatus

cleaning

was

performed

according

to

the

manufacturer’s

recommendations prior to the experiments. Baseline corrections and data fitting were
performed using automated routines in Origin v.7.0 data analysis and acquisition software
(OriginLab Corp.). Minor corrections were done at user’s discretion. Figure 3-2 shows the
raw ITC data of power vs. time and the resulting peak integrations are plotted as energy per
mole of injectant (ΔH) vs. the molar ratio of dendrimers per fullerenol (n) in the sample cell
after each injection. Analysis of the ITC data was done using the One set of sites model. Due to
the larger size of dendrimers compared to fullerenols, in our experiments, dendrimers were
considered as macromolecules and fullerenols as ligands. Hence, during data analysis, a
selection of ‘Ligand in Cell’ was made. A much larger raw heat was observed in the case of
G4 dendrimers than in the case of G1 dendrimers since, in the case of G4 dendrimers, 44
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fullerenols bound to each dendrimer instantaneously releasing a larger amount of heat,
whereas only one fullerenol binds to G1. It is noted that with fullerenols in the injection
syringe and dendrimers in the experimental cell, we would have observed a lesser raw heat
release due to the presence of excess dendrimers and fewer fullerenols. In such case, it
would have taken a longer time to reach saturation in heat release.
The enthalpic change (∆H) of dendrimer-fullerenol binding indicated a net
exothermic reaction (Figure 3-2). As fullerenols in suspension were being consumed by
dendrimers, the heat released upon each dendrimer-fullerenol binding decreased to reach a
near saturation. The reactions were spontaneous, as indicated by the negative Gibbs free
energy ∆G. Upon binding to fullerenols the much lower entropy ∆S of G1 dendrimers in
contrast to that of G4 dendrimers implies a higher degree of ordering in the G1/fullerenol
system. G1 being more flexible than G4 is arrested on complexation with the fullerenols
leading to an increase in its order in contrast to the highly ordered structure of the pristine
G4 dendrimers. For G1 dendrimer, whose size is comparable to that of fullerenol, the
binding stoichiometric ratio n of fullerenol to dendrimer was ~1. In consistency with the
DLS data, which showed formation of dendrimer-fullerenol supramolecular complexes of
nearly uniform sizes above a G1/fullerenol molar ratio of 0.27 (corresponding to 2.19
primary amines of G1/fullerenol), a gradually decreasing heat release above this ratio was
observed; this suggests lingering interactions between the dendrimer-fullerenol aggregates.
For G4 dendrimer, by contrast, the binding stoichiometric ratio was nearly proportional to
the number of primary amines (64) on the dendrimer, at 44.1. The binding curves also
suggest that saturation was reached faster in the case of G4 dendrimer at a G4/fullerenol
ratio of 0.04 (corresponding to 2.14 primary amines of G1/fullerenol), implying completion
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of the binding and in agreement with the DLS data (Figure 3-1). Such saturation was not
reached for G1 dendrimers, perhaps due to the presence of free fullerenols.
(a)

(b)

Figure 3-2 ITC raw data and analysis plots of (a) G1/fullerenol and (b) G4/fullerenol complexes. The
interactions between dendrimers and fullerenols resulted in significant heat release (ΔH = -21.8 kcal/mol
for G1/fullerenol and -19.5 kcal/mol for G4/fullerenols). The fullerenol:dendrimer stoichiometric ratios
obtained from data analysis were 1.34 ±0.04 for G1/fullerenol and 44.1 ±0.43 for G4/fullerenol. The ΔG
values for both G1/fullerenol (-7.69 kcal/mol) and G4/fullerenol (-7.24 kcal/mol) indicate the reactions are
similarly spontaneous. G1/fullerenol complexes are also more ordered (ΔS = -47.4 × 10-3 kcal/mol) than
G4/fullerenol complexes (ΔS = -15.8 × 10-3 kcal/mol).

Whereas the spontaneity of the interactions between G1 and G4 dendrimers with
fullerenols was similar, the entropy and enthalpy of the G4 dendrimer-fullerenol interaction
were slightly less than that between G1 dendrimer and fullerenols. This could be attributed
to the more open and hydrophilic structure of G1 over G4 dendrimers. At neutral pH, both
the interiors of G1 and G4 PAMAM dendrimers remained hydrophobic, while their exterior
primary amines were protonated. Fullerenols, however, were partially negatively charged at
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neutral pH, resulting from the high electronegativity of the surface oxygens and
deprotonation of the surface hydroxyl groups (pKa ~ 4).274 The assembly of dendrimerfullerenol was therefore possibly mediated by ionic interactions between the protonated
dendrimer amines and the negatively charged fullerenol oxygens, as well as by H-bonding
between the fullerenol surface oxygens and the hydrogens on the dendrimer amine groups.

3.5

Intermolecular Interactions in Dendrimer-Fullerenol Assembly
A Cary Eclipse fluorescence spectrophotometer (Varian, Inc.) was used to measure

the fluorescence of the dendrimer-fullerenol assemblies. 1 L of aqueous dendrimer solution
was added in gradient concentrations to 500 L of fullerenol in a 1 mm path length quartz
cuvette and allowed to incubate for 5 min after a 30 sec mixing. Spectrum scans between
400-600 nm of the fluorescence emitted by the control samples and the mixture upon
excitation at 340 nm were conducted after 5 min incubation each time. Fluorescence
intensities were recorded until complete quenching was observed. Measurements were
repeated with three samples for statistical error analysis. Recorded fluorescence spectra were
corrected for their respective blanks (i.e., fullerenols and dendrimers only).
As shown in Figure 3-3, increased dendrimer concentrations resulted in the
quenching of fullerenol fluorescence,275205, 275, 275 which was accompanied by a shift in the
fluorescence maximum. This indicates that upon excitation, dendrimers and fullerenols
formed charge-transfer complexes. In the case of G1 dendrimer, above a ratio of 1.9 for the
number of primary amines/fullerenol, scattering from large aggregates resulted in a slight
increase in fluorescence, whereas precipitation of the large aggregates above that ratio in the
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case of G4/fullerenol prevented further measurements. The fluorescence intensity of
fullerenols alone was linearly dependent on its concentration (Figure 3-4 (a,b)). Dendrimers,
in comparison, displayed weak concentration dependence for their autofluorescence (Figure
3-5 (a,b)). However, quenching and peak shift upon fullerenol binding with dendrimers were
notable. Specifically, a blue shift of 21 nm, averages for both G1 and G4-fullerenol, was
observed for increased concentrations of dendrimers bound with fullerenols. Charge-transfer
complexes could be formed between the hydroxyl groups of fullerenol and the protons on
the amines of dendrimers.
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Figure 3-3 Fluorescence emission of fullerenol in the presence of increasing amounts of (A) number of
primary amines of G1 per fullerenol = 0, 0.5, 0.8, 1.1, 1.6, 1.9, and 2.2; and (B) number of primary amines
of G4 per fullerenol = 0, 0.1, 0.3, 0.7, 1.2, 1.6, and 1.9.
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(a)

(b)

Figure 3-4 (a) Fluorescence emission of C60(OH)20 at different concentrations. Ex.: 340 nm. Arrow
indicates the direction of increasing concentration. (b) Plot of intensity of fluorescence emission of
C60(OH)20 vs. concentration at Ex/Em = 340/520 nm.
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(a)

(b)

Figure 3-5 Fluorescence emission of (a) G1 and (b) G4 at different concentrations. Ex.: 340 nm. Arrow
indicates the direction of increasing concentrations (on the right) in M.

Quenching of fluorescence can be described by the Stern-Volmer equation as275:

F0
 (1  K SV [Q])(expV [Q])
F

(3-1)

where Fo and F are the fluorescence intensities of the fluorophore (fullerenol) in the absence
and presence of a quencher (dendrimer), respectively, KSV and V are the Stern-Volmer and
sphere-of-action quenching constants, and [Q] is the concentration of the quencher
(dendrimer). As seen in Figure 3-6, the Stern-Volmer plot is nonlinear with a positive
deviation for G1/fullerenol complexes, indicating simultaneous occurrence of both dynamic
and static quenching. For low dendrimer concentrations, sphere-of-action quenching
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dominated. The value of V calculated from the data fitted with Equation 5-1 yielded 0.028 ×
105 M-1. For higher dendrimer concentrations, dynamic or collisional quenching through
charge-transfer, H-bonding and electrostatic interactions between the already formed
complexes and newly added dendrimers dominated, yielding KSV = 0.96 × 105 M-1. A smaller
value of V indicates that the fullerenol fluorescence was quenched primarily by dynamic
quenching between the two species. In the case of G4/fullerenol, the Stern-Volmer plots are
linear throughout (Figure 3-6), indicating the quenching was primarily dynamic. The linear
Stern-Volmer constant KSV obtained from the fitted data is 3.3 × 105 M-1. The three-fold
higher value of KSV for G4/fullerenol complexes is due to the larger surface area of the G4
dendrimers which offers many more intermolecular contacts with fullerenol aggregates than
those observed for G1 dendrimers, thus increasing their efficiency for quenching fullerenols.
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Figure 3-6 Stern-Volmer plots for G1/fullerenol and G4/fullerenol complexes. G1/fullerenol complexes
show coexistence of static and dynamic quenching with a positive deviation in the plot, whereas
G4/fullerenol complexes show primarily dynamic quenching, indicated by the linearity of the plot.
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A modified Stern-Volmer equation (Equation 5-2) offers new insight into the
binding affinity of the static quenching process.276
F
1
1


F f a K a [Q] f a

(3-2)

ΔF is the difference of the fluorescence intensities in the absence and presence of a
quencher, Ka is the effective quenching constant for accessible fluorophores and is directly
related to the binding constant for the quencher-acceptor system (assuming the decrease in
fluorescence stems from static collision due to complex formation), and fa is the fraction of
the fluorophore that is initially accessible to the quencher. The values of Ka (binding constant
between fullerenols and dendrimers) and fa (fraction of accessible fullerenols) are calculated
from plot of Fo/ΔF vs [Q]-1. The value of binding constant obtained in case of
G4/fullerenol (2.64 × 105 M-1) is in excellent agreement with our ITC results (2.69 × 105 M1

). In contrast, the value in the case of G1/fullerenol (1.0 × 105 M-1) is much lower than our

ITC measurement (4.35 × 105 M-1). Note that ITC measures the binding constant as a result
of combined electrostatic interactions, complex formations, H-bonding, as well as
hydrophobic interactions, whereas those obtained from fluorescence measurements
primarily resulted from complex formation via ionic bonding and Lewis acid-base reaction.
This reiterates our hypothesis that G4 formed stronger complexes with fullerenols than G1
throughout the concentration range used. However, complex formation between G1 and
fullerenols was the strongest in the lower concentration region, after which, large
agglomerates were formed (as shown from the DLS data) due to other interactions through
hydrogen bonding and hydrophobic interactions. The fraction of accessible fullerenols
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calculated from the modified Stern-Volmer equation( fa = 1.09 for G1/fullerenol and 1.23
for G4/fullerenol) implies that, initially, there might be more than one binding site of
fullerenol for dendrimers and the molecular environment of fullerenol was easily accessible
to the dendrimer. In addition, the spectral shift observed could be attributed to selective
quenching of exposed vs. buried fluorophore sites of the fullerenol.275

3.6

Discussions and Summary
The thermodynamics, stoichiometric ratio and binding mechanisms of dendrimer-

fullerenol assembly have been studied by the experimental techniques of DLS, ITC, and
spectrophotometry. The formation of dendrimer-fullerenol assemblies, at a maximum
loading capacity of ~2 or 44 fullerenols per G1 or G4 dendrimer (corresponding to ~2
primary amines per fullerenol in both cases) was found to be energetically favorable. In
addition, inter-cluster interactions were evident, as a result of electrostatic forces, Hbonding, ionic bonding, as well as Lewis acid-base reaction. Apparently, such inter-cluster
formation can be controlled by adjusting both the concentrations of the fullerenol and the
dendrimer, and by tuning the molar ratio of dendrimer to fullerenol. While inter-cluster
interaction should be minimized for the delivery of fullerene derivatives by a dendrimer -- in
light of their diffusion in the bloodstream and eventual cell uptake, inter-cluster interaction is
deemed desirable for mitigating the accidental release of nanomaterials in the environment.
Based on our study, we recommend a G1/fullerenol loading ratio of 0.2-1.6, and
G4/fullerenol loading ratio of 0.005-0.02 for drug delivery (the range below precipitation),
and a G1/fullerenol loading ratio of above 1.6, and a G4/fullerenol loading ratio of above
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0.02 for environmental remediation. Furthermore, for both nanomedicinal and
environmental applications, the assembly of dendrimer and fullerenol -- as exemplified in the
current study -- may be extended to that of branched/hyperbranched polymers and
nanoparticles of opposite charge.
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CHAPTER 4 ENHANCED SENSING USING SOFT DENDRIDMER AND
CONDENSED ZINC OXIDE TETRAPODS

Chapter four focuses on the applications of soft and condensed nanomaterials for
environmental and biological sensing. Specifically, a new physical scheme is presented for
the detection of copper, based on the use of a fluorescently labeled dendrimer anchored on a
gold nanowire. Upon light illumination surface plasmon resonance was generated from the
gold nanowire, which promoted quenching of the labeled dendrimer fluorescence as a result
of the energy transfer between the dye on the dendrimer and the copper ions in the local
environment. The monotonic dependence of the fluorescence quenching on copper
concentration was exploited to reach a copper detection sensitivity of 2 nM. Furthermore,
gold nanoparticle–coated ZnO tetrapods have been utilized as a substrate for the detection
of fluorescently labeled protein tetramethylrhodamine isothiocyanate bovine serum albumin
and

phospholipid

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(Lissamine

rhodamine B sulfonyl) down to the concentrations of 15 pM and 79 nM, respectively. This
detection scheme is based on enhanced fluorescence excitation of the biomolecular analytes
by the plasmon polaritons of gold nanoparticles coated on the ZnO tetrapod whiskers. In
addition, the enhanced optical near fields of the gold nanowires and gold nanoparticlescoated ZnO tetrapods were calculated using COMSOL Multiphysics, which provided a
physical basis for the sensitive detection using current experiment schemes.
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4.1

Introduction
Detection of metal ions in aqueous solutions is important for environmental

protection and the sensitivity as well as selectivity of such detection is a challenge in a matrix
of metal ions present in the environment. The detection of copper has both biological and
environmental implications, and has been an active area of research in the recent decades.
Copper is physiologically essential for bone formation, cellular respiration, and connective
tissue development, and excessive amounts of copper can result in eczema, kidney disease,
and damage to the central nerve syste.234 Copper is also one of the major transition metals
that are under environmental surveillance. For example, the U.S. Environmental Protection
Agency (U.S. EPA) has set the safe limit of copper in drinking water at 20 M.62 Among the
various techniques available, atomic absorption spectroscopy and inductively coupled plasma
mass spectroscopy are the most commonly used tools for copper detection.277 In addition,
there have been continued developments of electrochemical and fluorescence methods for
copper detection.278-286 Most of these methods are costly and require skilled handling.
Furthermore, the detection limits of these methods are usually low.
Having discussed the unique physicochemical properties of PAMAM dendrimers as
high capacity, recyclable, nanoscale hosts for transition metal ions such as Cu(II) in chapter
three, here we present a facile optical method for enhancing the detection of Cu(II). Such a
scheme could be extended to most metal ions in aqueous solutions. The detection of Cu(II)
adsorbed by a dendrimer nanosponge was enhanced via the surface plasmon resonance
(SPR) of a gold nanowire (Au-NW) substrate for the dendrimer. Specifically, upon light
excitation the fluorescence of labeled Cu-adsorbed dendrimers anchored on an Au-NW
substrate is quenched to a fuller extent (Figure 4-1, scheme). Based on the specific and
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selective response of dendrimers to Cu(II), an optical scheme well capable of the nanomolar
copper detection has been developed.

Figure 4-1 (Left) Experimental scheme showing detection of Cu(II) using G4-Sac dendrimers and AuNW-induced SPR. (Right) TEM image showing the adsorption of G4-Sac dendrimers (in gray and black)
onto a single Au-NW. A total volume of 1 mL of Au-NW-G4-Sac mixed with 2 mM Cu(II) was pipetted
onto a 200 mesh carbon coated copper grid (Ted Pella) and incubated for 1 h prior to imaging. Images were
acquired on a Hitachi H7600 operated at 80 kV.

Low dimensional metal NPs/nanowires such as Au and Ag exhibit unique optical
properties in the visible spectral range because of the excitation of collective electron
oscillations known as SPR. The size, shape, and arrangement of the noble metal
nanomaterials strongly influence the resonance frequency and, hence, serve as a great tool
for tuning optical properties. When metal particles are arranged in a periodic twodimensional (2D) pattern, incident light may induce a coherent interaction between the
particles and results in the generation of a plasmon mode with an extremely sharp and strong
resonance. Such a resonance may be exploited for long-range communications between
metal NPs for biological and chemical sensing. However, fabricating 2D and threedimensional (3D) geometries of metal NPs generally involves multistep processes and,
hence, limits the usage of this extremely sharp coherent SPR. Herein, we also describe a
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facile method for preparing AuNP–coated ZnO tetrapods (3D scaffold), which exhibit an
excellent SPR response to fluorescently labeled protein tetramethylrhodamine isothiocyanate
bovine serum albumin (TRITC–BSA) and phospholipid 1,2-dipalmitoylsn-glycero-3phosphoethanolamine-N-(Lissamine rhodamine B sulfonyl) (Rd–PE), down to the
concentrations of 15 pM and 79 nM in aqueous solutions. The use of ZnO nanomaterial is
to take advantage of its biocompatibility, rich electrochemistry, high isoelectric point (IEP;
≈9.5), and large surface to volume ratio.287, 288 Aside from biological relevance, detection of
these two major biomolecular species289 also helps evaluate the selectivity of the current
scheme.

4.2

An Enhanced Detection of Pollutants Using Dendrimers

4.2.1

Materials
G4 poly(amido-amine) PAMAM dendrimers (G4-Sac) with a 1,4-diaminobutane core

scheme. and 64 succinamic acid surface groups (MW: 20,647, 10 wt % in H2O) were
purchased from Sigma Aldrich and used as received. Carboxylic reactive fluorescent Alexa
Fluor® hydrazide bis(triethylammonium salt) 633 dye with a maximum absorption at 624
nm and emission at 666 nm was obtained from Molecular Probes and dissolved in Milli-Q
prior to use. Copper(II) nitrate hydrate (Cu(NO3)2·xH2O, MW: 188), chromium(III) chloride
hexahydrate (CrCl3·6H2O, MW: 266.45), manganese(II) chloride hydrate (MnCl2·xH2O,
MW: 125.84), lead(II) chloride (PbCl2), MW: 278.11), and mercury(II) chloride (HgCl2), MW:
271.50) were purchased from Sigma Aldrich and dissolved in Milli-Q prior to use. Cationic
cetyltrimethylammonium-bromide (CTAB)-coated Au-NWs (30 nm in diameter, 6 m in
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length, stock concentration: 50 g/mL in H2O) were purchased from Sigma Aldrich and
used as received.

4.2.2

Characterization of Dendrimer-Cu(II) binding
Measurements of Cu(II) binding to G4-Sac PAMAM dendrimers in aqueous

solutions were carried out using a UV-vis spectrophotometer (Biomate 3). A dendrimer pH
of 9–9.5 was adjusted by the addition of 1 M HCl or NaOH and used for all experiments.
This optimum pH value was adopted from a previous work.290 The binding capacity of the
anionic dendrimers was determined through titration of Cu(II) at a Cu(II)-G4-Sac volume
ratio of 1:1. The G4-Sac concentration was maintained at 10 M while the Cu(II)
concentration was lowered from 0.25 mM to 1 M. Our experimental procedure consisted
of mixing and equilibrating the aqueous solutions of Cu(II) and G4-Sac at room temperature
for 30 min. A survey scan of the absorbance of control G4-Sac, Cu(II), and the mixture of
Cu(II) and G4-Sac was carried out in the wavelength range of 250–350 nm, where Cu(II)
was found to show strong absorbance.
Figure 4-2 shows a plot of the absorbance of Cu(II)-G4-Sac complex for different
concentrations of Cu(II). At pH 9, the fraction of tertiary amine groups of the G4-Sac that
remained charged was 0.003 and that of terminal carboxyl groups was 0.91.290 The dendrimer
structure was therefore enclosed as a result of this low charge density within its interior.
Hence, at pH 9 Cu(II) binding occurred primarily with the negatively charged deprotonated
carboxyl terminal groups. Coordination of Cu(II) with the nitrogen atoms in the tertiary
amine groups was also feasible.291
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As shown in Figure 4-2, Cu(II)-G4-Sac absorbed in the range of 250–350 nm with a
broad peak occurring around 300 nm. This broad peak was attributed to a strong ligand-tometal charge transfer between the G4-Sac and the Cu(II).238 For the concentrations used,
both the control dendrimer and Cu(II) showed negligible absorbance in this wavelength
range (data not shown). However, the absorbance of the Cu(II)-G4-Sac complex was
detectable until the Cu(II) concentration was reduced down to 10 M. Below 10 M, the
peak flattened and Cu(II) was no longer detectable. Hence, 10 M was regarded as the
detection limit of Cu(II) by the UV-vis spectrophotometer.

Figure 4-2 Absorbance of the Cu(II)-G4-Sac complex, where Cu(II) becomes undetectable below 10 M.

4.2.3

Enhancing the limit of Cu(II) detection by dendrimers
For the fluorescence measurement, the G4-Sac dendrimers were labeled with Alexa

Fluor 633 dye at an optimized molar ratio of G4-Sac:dye=1: 10. The dendrimer-dye mixture
was covered in aluminum foil and shaken for 3 h at 4°C. Dialysis was performed to remove
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free dyes using a 10,000 MWCO Spectra/Por RC Float-A-Lyzer membrane (Spectrum
Laboratories). The molecular cutoff of the membrane enabled unlabeled dyes (MW 1,150
Da) to exit and the dye-dendrimer conjugates (MW larger than 20,647 Da) to be retained.
After washing the membrane to remove its preservative, the dendrimer-dye mixture was
injected into the membrane and secured with a cap. The membrane was suspended in MilliQ in a 2 L beaker while continuously being stirred on a magnetic mixer for 24 h. The
mixture was then removed from the membrane, covered in foil, and kept at 4°C for use.
According to the labeling protocol, it was estimated that approximately one fourth to one
third of the dyes would conjugate to the primary and/or tertiary amines of the dendrimers,
which would yield a labeling molar ratio of G4-Sac:dye at 1:2 to 1:3. The pH of the labeled
dendrimer solution was adjusted to 9.5 for all measurements.
Approximately 500 L of 25 M Au-NW solution was mixed and incubated with
500 L of 48 M G4-Sac for 30 min to measure the change in zeta potential (NanoZS,
Malvern Instruments) of Au-NWs induced by their binding with anionic dendrimers. The
zeta potential of the CTAB-coated Au-NWs (+52.1±11.6 mV) decreased sharply to a stable
negative value (−57.5±4.27 mV) after mixing the NWs with G4-Sac dendrimers for 30 min.
It is therefore inferred from this measurement that G4-Sac dendrimers adsorbed efficiently
onto the Au-NWs and their complexes remained stable in the aqueous solutions. Then, 40
L of 0.12 mM Au-NW solution was incubated with 100 L of the labeled dendrimers (2
M) for 30 min in a standard black 96-well flat-bottomed plate. Cu(II) was added in
gradually decreasing concentrations to the Au-dendrimer mixture from 20 M to 2 nM and
each mixture was incubated for 30 min. Fluorescence intensities were recorded (Cary Eclipse
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fluorescence spectrophotometer, Varian Inc.) for the control labeled dendrimers, Cu(II)dendrimers, Au-dendrimers, and Au-dendrimer-Cu(II) at an excitation wavelength of 580
nm and emission wavelength ranging between 600–900 nm. Each sample was measured
three times to establish error bars. The response time of Cu(II) binding with G4-Sac was
established by measuring the time evolution of the FRET efficiency using Equation 4-1 as
follows:
|(IF − IF0)/IF0|% ,

(4-1)

Figure 4-3 (a) Fluorescence emission spectrum of Alexa Fluor 633 dye (vertical axis, left, solid diamonds)
and absorbance of Cu(II) (vertical axis, right, hollow diamonds) in aqueous solution. (b) Fluorescence
emission spectra of labeled G4-Sac, Au-G4-Sac complex, Cu(II)-G4-Sac complex, and Au-G4-Sac-Cu(II)
complex. The Cu(II) concentration is 20 M for all samples. Note a spectral shift of 3–5 nm in the presence
of Au-NWs (hollow and solid squares), indicating the occurrence of SPR.
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where IF and IF0 are the fluorescence intensities of the G4-Sac in the presence and absence of
Cu(II), respectively. The concentration of Cu(II) used was 20 M. Transition metals like
Cu(II) form complexes with water to give strong d-d electronic transitions throughout the
near ultraviolet, visible, and near-infrared regions of the spectrum. Figure 4-3 shows the
aqueous absorption spectrum of Cu(II) and the fluorescence emission spectrum of the Alexa
Fluor 633 dye between 600–900 nm.
Due to the overlap between the two spectra, Cu(II) quenched the fluorescence of the
dye as a result of the occurrence of FRET. Furthermore, when Cu(II) was bound to a G4Sac dendrimer, a weak charge transfer from the dendrimer to the Cu(II) could have also
contributed to the quenching process. Hence, a significant decrease was registered for the
fluorescence intensity of the Cu(II)-G4-Sac complex, compared with the control labeled
dendrimer (Figure 4-3 (b)). Figure 4-3 (b) shows the fluorescence spectra of the control
labeled G4-Sac, control Au-G4-Sac, Cu(II)-labeled G4-Sac complex, and Au-G4-Sac-Cu(II)
complex. The spectra of the complexes can be clearly distinguished from the controls.
Specifically, the labeled dendrimers displayed a strong absorbance peak at 645 nm when
excited at 580 nm (crossed curve). In aqueous solutions, Au-NWs under illumination are
assumed to exhibit strong plasmon and longitudinal bands. When dendrimers were adsorbed
onto an Au-NW via electrostatic interaction, a spectral shift of 3–5 nm was induced in the
dendrimer fluorescence (hollow squared curve versus crossed curve). This spectral shift
suggests the occurrence of a charge transfer between the dendrimer and the Au-NW,
conceivably associated with a conformational change in the dendrimer. The observed
redshift can also be attributed to the lowered vibration frequency of the dyes labeling the
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dendrimer, due to their mutual aggregation promoted by the Au-NWs. In addition to the
spectral shift a significant increase in fluorescence intensity was also detectable for the AuG4-Sac sample, likely resulting from the SPR of the Au-NWs (hollow squared curve).
Fluorescence enhancement by gold nanostructures is a well-established phenomenon.292 In
our current scheme the SPR enhancement of dendrimer fluorescence by an Au-NW was
exploited to improve the detection of Cu(II).

Figure 4-4 Average fluorescence emission intensity of G4-Sac- Cu(II) complexes with (red bars) and
without (blue bars) Au-NWs.

As shown in Figure 4-4, fluorescence quenching was observed when the Cu(II)
concentrations were 20 M and 2 M (vertical bars for “without Au-NWs”), where the
molar ratio of G4-Sac:Cu(II) was less than 1. However, when the Cu(II) concentrations were
below 2 M, or the molar ratios of G4-Sac:Cu(II) were greater than 1, Cu(II) enhanced the
fluorescence of the labeled dendrimers (data not shown). Such metal-enhanced fluorescence
(MEF) has been observed before293 for Cu(II)-dye interaction and is understood as distance
dependent. For example, low concentrations of the Cu(II) ions could result in formation of
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Cu(II) nanoclusters, while high concentrations of the Cu(II) ions could form continuous
thick film like aggregation with G4-Sac dendrimers through their mutual coordination. In the
former case the fluorescence of labeled G4-Sac dendrimers could be enhanced by the
plasmons coupled from the Cu(II) nanoclusters. In other words, a mirror electric dipole
could first be induced in the metal by the fluorophore and the surface plasmons associated
with the metal could in turn be efficiently coupled back to excite the fluorophore. Since the
scattering capability of Cu(II) responsible for the MEF effect is relatively weak,294 the
differences in fluorescence enhancement were unremarkable for Cu(II) ranging between 0.2
M to 2 nM. In contrast, the fluorescence of dendrimers conjugated with Au-NWs was
quenched for Cu(II) of 20 M to 2 nM. This quenching was induced by the Cu(II) ions
bound to the dyes of the dendrimers that were adsorbed onto the Au-NWs. The absorption
cross-section of Cu (Cu=5.80 at 520 nm) is much larger than that of Au (Au=1.86 at 520
nm),293 while the MEF of Cu is less pronounced compared to Au. The enhanced
fluorescence due to the SPR scattering by the Au-NWs favored the optical absorption of
Cu(II) and, hence, quenching was observed for Cu(II) even at a concentration of 2 nM. Also
indicated in Figure 4-4 are the percents of fluorescence quenching observed with decreasing
Cu(II) concentrations, calculated as:
[(Io – I)/Io]%,

(4-2)

where I0 is the intensity of the control with Au-NWs, and I is the intensity of the Au-G4Sac-Cu(II) complexes. We therefore conclude that the detection limit for Cu(II) by our
experimental scheme is 2 nM, equaling or exceeding the performance of most copper
detection techniques reported in the recent literature.278-286
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4.2.4

Evaluating the Selectivity of Dendrimers towards Cu(II)
To investigate the cation selectivity of G4-Sac toward copper Cu(II), other

environmentally metal ions of chromium, manganese, lead, and mercury were used.
Solutions of the metal ions mixed with G4-Sac, in the absence or presence of Cu(II), were
prepared with a final concentration of 20 M of each metal ion and equilibrated for 30 min
prior to measurements. The emission spectra were recorded in the wavelength range of 625–
665 nm upon excitation at 580 nm. Each curve was averaged over three measurements.
In the solution containing the transition metal ions in the absence of Cu(II) (Figure
4-5), no significant quenching of the G4-Sac fluorescence was observed (dashed versus solid
curve). However, after Cu(II) was included in the metal matrix, the fluorescence intensity of
the labeled G4-Sac was quenched by a maximum 4.8% at 642 nm (dotted curve). The
dendrimer used in our experiment had succinamic acid surface groups which offered typical
carboxylic acid reactivity. Although the anionic surface groups of the dendrimer are expected
to bind with all the metal ions in solution,238 it is well known that Cu(II) has a higher
propensity compared to other metal ions in binding with carboxylates.295 In addition, Cu(II)
quenches more efficiently than other metal ions due to its strong paramagnetic properties.280,
296

Nevertheless, the observed small percent of fluorescence quenching by Cu(II) in Figure 4-

5 (a) further emphasizes the significance of our scheme of utilizing the SPR of Au-NWs.
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Also

Figure 4-5 (a) Selectivity of G4-Sac toward Cu(II). Solid curve–control labeled G4-Sac; dashed curve—
labeled G4-Sac and metal matrix containing Cr(III), Mn(II), Pb(II), and Hg(II); dotted curve—labeled G4Sac, metal matrix, and Cu(II). The concentrations of each metal ion was 20 M. (b) Time evolution of
FRET efficiency between labeled G4-Sac and Cu(II).

shown in Figure 4-5 (b) is the time evolution of the FRET efficiency between labeled G4Sac and Cu(II). A maximum efficiency of 19.5% was observed 15 min after the Cu(II) was
added to the dendrimer solution, indicating occurrence of maximum interaction between the
Cu(II) and the dendrimer. The sequential reduction in the FRET efficiency could be due to
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the increased interaction between the G4-Sac-Cu(II) complexes, which would hinder the
loading of copper onto the dendrimer.

4.2.5

Simulation of SPR at Au-dendrimer Interface
To probe the near-field intensity induced by the surface plasmons of Au-NWs, we

used COMSOL,297 a commercially available software package to simulate light propagation in
an aqueous solution where a single Au-NW was suspended. A plane electric field of TMpolarization at λ = 580 nm was incident parallel to the Au-NW. The permittivity of gold was
set at εm = -8.11+1.66i.298 The length and diameter of the nanowire were set at 6 µm and 30
nm to match the experimental conditions. The dendrimers bound to the NW were
considered as spheres of 10 nm each in diameter to match their hydrodynamic size, with a
refractive index n = 1.4. The number of dendrimers bound on each side of the Au-NW was
fixed at 240, with an equal spacing of 50 nm. A perfectly matched layer (PML) boundary
condition was adopted to eliminate unnecessary reflections by the simulation box.
Figure 4-6(a) illustrates an enhanced near field induced by the SPR of an Au-NW.
Especially, a stronger near-field was observed at the right end of the nanowire. This is due to
the interference between the surface plasmons excited from the left end and the right end of
the nanowire and the assigned direction of the electric field propagating from left to right.
Figure 4-6(b) shows the zoomed-in view of localized electric field intensities. Clearly,
stronger fields are observed near the top and bottom edges of the dendrimers. This
phenomenon is similar to a corona discharge, which occurs when an electrode has a pointed
shape causing the electric field at its surface to be significantly greater than its surroundings.
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Figure 4-6 (a) Simulation of electric field propagation from left to right near an Au-NW in aqueous
solution. The length and diameter of the nanowire are 6 µm and 30 nm, respectively. The dendrimers bound
to the NW are spheres of 10 nm each in diameter to match their hydrodynamic size. The number of
dendrimers bound on each side of the Au-NW is 240, with an equal spacing of 50 nm. (b) Zoomed-in view
of localized electric field intensities at the Au-NW-dendrimer interface. (c) Normalized electric field
intensity along the z-axis with (solid curve) and without an Au-NW (dashed curve), calculated for a
dendrimer located 3 µm from the left end of the Au-NW. The distance z = 0 is defined as on the surface of
the Au-NW.

We further plotted the electric field distribution in the z direction for a dendrimer
located 3 µm from the left end of the Au-NW, as shown in Figure 4-6(c). An enhancement
of the electric field intensity is clearly seen in the near-field with the Au-NW (solid curve vs.
dashed curve). The sharp peaks on the red curve indicate the enhanced localized field on the
bottom and the top of the dendrimers as discussed above for Figure 4-6(b). Experimentally,
the enhancement effect due to SPR of the Au-NW may not be as significant as illustrated in
the simulation due to the following reasons: the polarization of the illumination light which
was TM-polarized in the simulation and randomly polarized in the experiment, the detection
limit of the spectrofluorometer, and the labeling and clumping of the dendrimers.
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4.3

Biomolecular Sensing Using Gold Nanoparticle–Coated ZnO Nanotetrapods

4.3.1

Materials and Characterization
Figure 4-7(a) shows a scanning electron microscopy image of ZnO tetrapods

prepared by the chemical vapor deposition technique. A ceramic boat containing zinc acetate
and zinc metal powders, mixed in a molar ratio of 1:10, was placed in a quartz tube (diameter
~1"; length ~4') furnace along with Si (100) substrates. The furnace was heated up to 650 °C
under the flow of Ar (45 sccm). A gentle flow of O2 (25 sccm) was introduced 15 min after
the temperature was stabilized.

Figure 4-7 (a) Scanning electron microscopy (SEM) image of synthesized ZnO tetrapods. Scale bar: 2 µm.
Inset: a ZnO whisker coated with AuNPs (shown as granules). (b) SEM image showing globular protein
bovine serum albumin (BSA) adsorbed on ZnO tetrapods. Scale bar: 1 µm. (c) SEM image showing ZnO
tetrapods fully coated with 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(Lissamine rhodamine B
sulfonyl (Rd–PE) lipids. Scale bar: 1 µm.

The synthesis was carried out for 30 min, and the furnace was cooled down to room
temperature under the Ar flow. The asprepared nanostructures varied in diameter from 50 to
100 nm along the length and were typically 1–3 lm long. Detailed characterizations of the
ZnO tetrapods have been provided elsewhere299 and no significant impurities were detected
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in the EDX spectra. A Denton vacuum Desk V sputter coater was operated at 45 mA and
50 mTorr for 10 s to coat AuNPs (diameter: 10 nm, from size histogram) onto the tetrapods.

4.3.2

Characterization of Protein/Lipids-Tetrapods Binding
Fluorescently labeled protein TRITC–BSA (molecular weight: 66,860 Da;

lyophilized; excitation/emission: 557 nm/576 nm) was purchased from Sigma and diluted in
Milli-Q (pH = 6.8) to a stock concentration of 15 µM. Fluorescently labeled phospholipid
Rd–PE (molecular weight: 1249.65 Da; powder; excitation/emission: 571 nm/583 nm) was
obtained from Avanti Lipids and diluted in Milli-Q to a stock concentration of 790 µM. Zeta
potential is widely used as a measure of stability of dispersed nanomaterials in suspensions.
Thus, we measured the surface charges (zeta potential) of the TRITC–BSA, Rd–PE, ZnO
tetrapods, and their mixtures using dynamic light scattering (Nano ZS;Malvern). Specifically,
ZnO tetrapods at neutral pH possessed a zeta potential of 15.5 mV, as expected from the
high IEP value of ZnO, and it is consistent with that reported for ordered ZnO hierarchical
structures.5 The zeta potentials of the TRITC–BSA and the Rd–PE were -23.6 and -33.8
mV and rose to 0.559 and -23.8 mV when mixed with the ZnO tetrapods. Such reduction in
the magnitude of the surface charge (or zeta potential) due to electrostatic interaction
between the positively charged ZnO tetrapod whiskers and the negatively charged TRITC–
BSA moieties (glutamic acid, aspartic acid) or the Rd–PE lipid head groups suggests good
binding between them. TRITC–BSA and Rd–PE solutions, each of 25 µl, were incubated
with the AuNP–ZnO tetrapods separately. Figure 4-7(b) shows prevalent nonspecific
binding of the larger globular TRITC–BSA molecules, often encompassing a number of
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tetrapods and/or tetrapod whiskers. By contrast, Rd–PE molecules were coated mostly on
individual ZnO whiskers (Figure 4-7(c)).

4.3.3

Enhancing the Limit of Protein/Lipids Detection by Tetrapods
A Dilor XY triplemonochromator was used to excite the fluorescent biomolecules at

514 nm. Figure 4-8(a) shows the spectra of titrated TRITC–BSA (15 M–15 pM) mixed with
AuNP–ZnO tetrapods in water. In the absence of AuNPs, the fluorescence peak at 575 nm
is very weak even for TRITC–BSA of 15 M in concentration. Interestingly, this
fluorescence peak was intensified after AuNP-coated ZnO tetrapods were introduced into
the solution and was detectable even at TRITC–BSA of 15 pM in concentration (Figure 48(c)). It should be noted that this fluorescence peak (~575 nm) was found to be at least four
times weaker for 15 µM of TRITC–BSA when free AuNPs (without ZnO tetrapods) were
used (Figure 4-8(a)). In the presence of the AuNPs (distributed on 3D scaffold of ZnO
tetrapods) and with an excitation at 514 nm, a new peak appeared at ~530 nm for the
biomolecule–ZnO mixture (Figures 4-8(a) and 4-8(b)), corresponding to plasmon polaritons
induced on the surfaces of the AuNPs. Such polaritons, arising from 3D architectures of
AuNP-coated ZnO tetrapods, could either coherently excite adsorbed fluorescent
biomolecules or first be converted to propagating photons by larger AuNP clusters and then
excite both adsorbed and nonadsorbed fluorescent biomolecules. A similar trend was
observed for the fluorescence peaks at ~580 nm for titrated Rd–PE mixed with AuNP–
ZnO tetrapods (Figure 4-8(b)), reaching a detection limit of 79 nM for the lipids. It is worth
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noting that even though the net weight ratios of TRITC–BSA and Rd–PE to ZnO tetrapods
were similar, the significantly

Figure 4-8 SPR scattering and fluorescence emission spectra of (a) tetramethylrhodamine isothiocyanate
bovine serum albumin (TRITC–BSA) and (b) Rd–PE in aqueous solutions when excited at 514 nm.
Fluorescence peaks appear at 575 nm (582 nm) for TRITC– BSA (Rd–PE) and the Au plasmon peaks
appear at 530 nm. (c) Magnified spectra of TRITC–BSA of 15 and 150 pM in panel (a). (d) Fluorescence
peak intensity versus molar concentration, derived from panels (a) and (b) for TRITC–BSA and Rd–PE.

different sensing molarities partly arose from the different molecular weights of the
biomolecules. Figure 4-8(d) shows fluorescence peak intensities at ~575 nm (~580 nm) as a
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function of the molarity of TRITC–BSA (Rd–PE). A linear trend was observed above a
threshold value of 15 nM (790 nM) in the case of TRITC–BSA (Rd–PE). Below this
threshold, the fluorescence rapidly reduced due to the limited availability of biomolecular
analytes, which could be excited by the localized and scattered SPR waves. However, even
with such limited availability, concentrations as low as 15 pM (79 nM) of TRITC–BSA (Rd–
PE) were detectable (Fig. 4-8(c)). Such detection limits are significantly lower than those for
BSA and ZnO glucose sensors, which had detection limits on the order of micromoles.299, 300
In addition to charge and molecular weight as discussed above, morphology of the
biomolecules could be another key element in determining the binding and, therefore, the
detection sensitivity of the current scheme. Although electron microscopy typically depicts
dehydrated state, it is still conceivable from Figure 4-7(b) that the tetrapod junctions and the
larger whisker surface areas near the junctions were preferable for the binding of the
globular protein BSA (4 × 4 × 14 nm3 in dimension). For PE molecules (head group width:
~0.6 nm; tail length: ~1 nm), their binding with the tetrapods (Figure 4-7(c)) could assume
either the random adsorption or the cylindrical micelle model.300, 301 Hemimicellar binding302
is deemed unfeasible for the organization of PE on ZnO tetrapods, partly because the PE
molecules applied in this study were well below their critical micelle concentration (in
millimolar range), partly because of the cylindrical steric structure of the PE,303, 304 and partly
because of the tapered geometry of the ZnO whiskers, irregular coating of the AuNPs, and
the Coulombic attraction between the lipids and the tetrapods, which would disrupt periodic
lipid assembly.
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4.3.4

Simulation of SPR on Gold-coated ZnO Tetrapods
To provide a theoretical insight into our experimental scheme, we first calculated the

SPR waves on AuNPs. According to Mie theory, for metal particles much smaller than the
illumination wave length, the extinction coefficients j for N number of particles in a volume
of V can be expressed as Eq. (1):305
3
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where k is the wave length of the illumination light, 1 and  are real and imaginary part of
the permittivity of the metal, and m is the dielectric constant of the medium surrounding the
particles. From this equation, the resonance condition occurred when 1 = -m. The
effective dielectric constant eff for the surrounding aqueous medium of the AuNPs can be
derived as:306
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(4-4)

Here b is the dielectric constant of the aqueous solution (1.33 for water), r (0.246) is a
modified resonance amplifier, and T (0.25 for spheres) and c (3 for spheres) are the factors
depending on the geometry of the AuNPs. By substituting all the parameters into Eq. (2),
eeff was calculated to be 1.394. Based on Eqs. (1) and (2), the resonance wave length was
derived to be 515 nm, shorter than the SPR wave length of 530 nm as observed in the
experiment (Figure 4-8). This discrepancy can be attributed to the shape anisotropy and
nonuniform coating of the AuNPs on the ZnO tetrapods and the large AuNP clusters which
induced red-shifts of the SPR peaks.307

105

In consideration of computational cost, we performed simulations on the 2D
projections of ZnO tetrapods (referred as tripods) with a refractive index of 2.2. Although
such simplifications may not provide an accurate quantification of AuNP-induced field
enhancement, they can be used to qualitatively explain our experimental observations. To
verify AuNP-induced field enhancement, we used COMSOL Multiphysics to simulate the
optical responses for the following three cases in water: (i) bare ZnO tripod, (ii) ZnO tripod
with periodic coating of n AuNPs, (iii) a ZnO tripod randomly coated with AuNPs, and (iv)
ZnO tripod versus a ZnO nanowire, both coated with similar AuNP coverages. The
simulation system with randomly coated AuNPs is illustrated in Figure 4-9(a). Specifically, a
TM-polarized plane wave of 514 nm was incident from the left side of the nanostructure,
and the ZnO tripod was set to be 30 nm in size at the junction and tapered to zero at the tip.
The width of the ZnO nanowire was set to be 30 nm uniformly along the length of the
nanowire with no tapering. The length of each ZnO tripod whisker or the entire ZnO
nanowire was 1 µm. The AuNPs were considered hemispheres of 10 nm in diameter
following the observation by Li et al.308 The permittivity of the AuNPs was chosen to be -3.8
+ 2.6i,298 and the number of the AuNPs bound on each ZnO tripod whisker was fixed to be
32. A perfectly matched layer boundary condition15 was adopted to eliminate unnecessary
reflections by the simulation box.
Figure 4-9(b) illustrates intense SPR fields near the sharp tips and junctions of the
ZnO tripod shown in Figure 4-9(a). These fields were enhanced through the coupling or
constructive interference of the SPR waves of adjacent AuNPs coated on the same or
neighboring ZnO tripod whiskers [white arrows in Figure 4-9(b)]. To quantify our
simulation results, a baseline was set 10 nm away from the apices of the AuNPs and the
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intensities along this line were plotted as a function of distance from the junction of the
ZnO tripod (junction being the origin) or the right end of the ZnO nanowire. We further
derived average near field peak intensity I 

( E 2 ) peak
N

, where E denotes the maximum field

amplitude at the chosen baseline, and N the number of peaks along the entire length of the
ZnO tripod/nanowire.
As expected, we did not observe any plasmonic coupling for a bare ZnO tripod as
the AuNPs were absent. Importantly, we observed that the constructive coupling of
plasmon waves (or the local enhancement of the electric field) occurred for both periodic as
well as randomly distributed AuNPs on ZnO tripods. Further, our simulations indicated that
constructive coupling was relatively enhanced by 72% in (branched) ZnO tripods compared
with that in (unbranched) ZnO nanowires. Figure 4-9(c) compares the near-field intensities
for a ZnO tripod (red line) and an unbranched ZnO nanowire (dashed green line), both
coated with AuNPs (spaced 50 nm apart) of the same coverage density. Especially near the
junction (the left two peaks of the red line) and the sharp tip (the right two peaks of the red
line) of the tripod, the near-field intensities were much more pronounced than those for the
nanowire, increased by 72.8% in terms of the average near-field peak intensity I. This result
indicates that near field can be strengthened by increasing the branching of ZnO
nanostructures.
Since SPR is a physical phenomenon associated with metallic NPs or thin films, we
compared the optical near fields for the randomly and periodically (with a periodicity of 25
and 50 nm) distributed AuNPs on ZnO tripods. We observed that AuNPs showed overall
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enhanced fields irrespective of their distribution or periodicity on the tripods (sharp peaks in

Figure 4-9 (a) Simulation of electric field propagating fromleft to right near a random AuNP distribution on
ZnO tripod in aqueous solution. (b) Zoomed-in views of the coupling-enhanced electric fields near the
sharp tip (white arrows) and junction of the ZnO tripod (white arrows point to higher intensity regions) in
(a). (c) Comparison of the SPR fields for a ZnO nanowire versus a ZnO tripod, both coated with AuNPs of
50 nm in gap size. Distance zero corresponds to the junction of the ZnO tripod or the right end of the ZnO
nanowire. (d) Comparison of the SPR fields for a ZnO tripod randomly coated with AuNPs (red). The
optical near field for a ZnO nanowire and tripod coated with AuNPs of 50-nm periodicity (blue and green).

Figure 4-9(d)). No such peaks were observed for the tripod in the absence of AuNPs (data
not shown). We also investigated the effect of AuNP coating density on the SPR
enhancement. It is interesting to note that a greater near field (by 31% in terms of the
average near-field peak intensity) was induced by AuNPs that were spaced 25 nm apart
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(green) compared with the ones placed 50 nm apart (red). Such enhancement may be due to
the more effective SPR wave coupling between closely spaced neighboring AuNPs.

4.4

Discussions and Summary
In summary, within the framework of environmental and biological applications of

soft and condensed nanomaterials, we have devised two new schemes for the selective and
sensitive detection of Cu(II) and biomolecules (BSA and lipids) using dendrimer-gold
nanowire complex and gold-coated ZnO tetrapods, respectively. Specifically, using the
assembly of dendrimer-Au-NW we have successfully detected Cu(II) down to the
concentration of 2 nM. This sensitivity is comparable with the sensing schemes based on
silver and gold nanoclusters, and can be further improved by altering diameter of the AuNWs, generation/size of the dendrimers or by integrating with nanoelectronic devices such
as NW-field effect transistors or nanofluidics. In addition, we demonstrated gold-coated
ZnO tetrapods as an effective bimolecular sensor through our experimental and simulation
results. The detection limit of this scheme could be substantially improved in principle by
optimizing the polarization direction of the illumination light, increasing branching of the
ZnO nanostructures, and coating density of randomly distributed AuNPs. Other aspects
such as the size of the AuNPs and spatial organization of the ZnO tetrapods could also play
important roles in providing more efficient and localized excitation for fluorescent
biomolecules, and further improving fluorescence emission and sensing capability.
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CHAPTER 5 ENVIRONMENTAL IMPLICATIONS OF ZINC OXIDE
NANOPARTICLES
While Chapters 2-4 primarily focus on the environmental applications of
nanomaterials, Chapter five aims at understanding the environmental implications of
nanomaterials, namely ZnO nanoparticles (NPs), using single-celled green algae, Chlorella sp.,
as a model organism. Interestingly, the effects of ZnO NPs interacting with algae, Chlorella
sp., have been found to be bilateral. Specifically, our electron microscopy, plant cell, and
fluorescence assays showed that the adsorption and aggregation of ZnO NPs compromised
algal cell morphology, viability, and membrane integrity, resulting from zinc ion dissolution
as well as possible mechanical cell damage induced by the NPs. Conversely, algal cells
displayed a remarkable capability of self protection by minimizing their surface area through
aggregation mediated by the oppositely charged metal ions and by suppressing zinc ion
release from the NPs through exudation, as evidenced by inductively coupled plasma mass
spectrometry, zeta potential and attenuated total reflectance-Fourier transform infrared
spectroscopy. This study illustrates the adaptive nature and complexity in potential ecological
response to discharged nanoparticles and facilitates the broad environmental applications of
nanomaterials.
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5.1

Introduction
Among the rapidly expanding list of engineered nanomaterials, ZnO nanoparticles

(NPs) have shown great promise in catalysis, gas sensing, semiconductors, UV-shielding,
piezoelectric devices, and field-emission displays

309-313

. The toxicity of ZnO NPs has been

examined by a number of studies, where photocatalytic generation of hydrogen peroxides
has been assigned as a major mechanism for reactive oxygen species (ROS) overproduction
166, 314, 315

. Penetration of cell envelope and disruption of cell membrane upon interaction with

ZnO NPs have also been attributed as causes for cell growth inhibition

214, 316

. In addition,

ion release from dissolved ZnO NPs has been established as a paradigm for oxidant injury in
RAW 264.7 and BEAS-2B cells, characterized by production of pro-inflammatory cytokines
and mitochondrial injury 317.
The current toxicity studies of ZnO NPs have mainly focused on mammalian cells
and organisms, mainly because of their direct relevance to delineating the consequences of
human exposure to nanomaterials. In contrast, the ecological response to ZnO NPs – a
realistic concern given their high production level and inevitable release into the
environment – has not been extensively studied. Green algae are a major constituent of the
aquatic food chain and a primary agent for global biogeochemical cycles, which justify them
as a model for evaluating the ecological impact of ZnO NPs. Unlike mammalian cells where
a plasma membrane separates its cytoskeleton from the extracellular space, algal cells possess
an additional layer of rigid, porous cell wall for modulating the entry of foreign materials,
ions, and particles

318, 319

. Among the limited data available, ZnO NPs have been shown to

exert from inhibitive to lethal effects on algae162, 320, 321. In addition, algal cells have been
shown to produce exudates in response to the physical and chemical stresses induced by
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copper NPs, resulting in flocculation through metal ion chelation and – consequently –
inhibiting the bioavailability of both copper NPs and their released metal ions322.
Understanding the interactions between NPs and algae is therefore essential for assessing the
ecological response to nanomaterials.
Here we use Chlorella sp. as a model organism for evaluating the interactions between
unicellular algae and ZnO NPs. We first examine the physical adsorption of ZnO NPs on
algae and subsequently characterize adsorption-induced ZnO NP toxicity by monitoring
algal viability and membrane potential. In order to assess algal response to the environmental
stress caused by ZnO NPs, we quantify ion release by ZnO NPs in the presence of algae and
algal exudates. To our knowledge this is the first study examining NP-exudate mutual
interaction within the context of delineating ecological response to NPs. Results from this
study are expected to be beneficial for interpreting the fate and behavior of NPs within a
complex matrix of proteins, lipids and aquatic organisms.

5.2

Materials and characterization

5.2.1

Materials and characterization.
ZnO NPs coated with 3-aminopropyl triethoxysilane (APTS) and zinc sulphate were

purchased from Sigma Aldrich and diluted in Milli-Q water for use. The morphology of the
ZnO NPs was determined by drying the NP suspension on a copper grid overnight and
imaging the sample with a Hitachi 7600 transmission electron microscope (TEM, Figure 51).
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Figure 5-1 TEM image of ZnO NPs (10 M) in D.I. water.

The hydrodynamic size of the NPs was determined to be 62 nm using a Zetasizer
(Nano S90, Malvern instruments)—consistent with that obtained from TEM, and the zeta
potential of the NPs was measured to be 13.8 mV using a Zetasizer (Nano ZS, Malvern
instruments). Freshwater algae Chlorella sp. were purchased from Carolina Biological Supply
Co. and let grow in the supplied Algo-Gro freshwater medium under normal illumination at
room temperature. Prior to toxicity tests, the algae samples in the exponential growth phase
were centrifuged at 9,600 rpm (8,669 RCF) for 5 min and re-suspended in Milli-Q water. At
this centrifugation speed, algal cells were effectively removed from the medium without
causing any acute cell damage, as verified by the viability test.
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5.2.2

Scanning electron microscopy
Algae were incubated with 10 M (0.81 mg/L) ZnO NPs for 24 h on a shaker under

normal illumination at room temperature. The samples were centrifuged at 9,600 rpm (8,669
RCF, Eppendorf MiniSpin) for 3 min and the supernatants were removed. The pellets were
then re-suspended in a 1:1 mixture of 2% osmium tetroxide and 4% sodium cacodylate
buffer and kept overnight for fixation. The fixed algae-ZnO NP samples were dehydrated in
gradient concentrations of ethanol. Scanning electron microscopy (SEM) imaging was
conducted using a Hitachi S4800 scanning electron microscope.

5.2.3

Cell viability assay
A plant cell viability assay273 (Sigma) was used to monitor damage to algal cells upon

their exposure to the ZnO NPs. This fluorescence method signifies enzymatic hydrolysis of
fluorescein diacetate (FD, emission in green) by intracellular esterases and loss of membrane
integrity (propidium iodide or PI, emission in red) that are indicative of viable and dead algal
cells, respectively. In our assay algal cells were exposed to NPs of various concentrations for
24 h. Ten microlitres of the assay solution were added to 90 µL of the pre-exposed algal cells
and incubated for 30 min at room temperature. The sample fluorescence was then measured
on a plate reader (FLx800, BioTek Instruments), with Ex/Em = 485/528 nm set for the FD
dye and Ex/Em = 530/590 nm set for the PI dye, respectively.
5.2.4

Membrane potential assay
A FLIPR kit (Molecular Devices) 323 was used to evaluate the effect of ZnO NPs on

algal membrane potential. This kit contained a lipophilic dye that fluorescently labeled the
algal cell membranes. The dye fluorescence intensity is highly dependent on membrane
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potential: an increased intensity indicates a depolarized cell membrane, while a decreased
intensity implies a hyperpolarized cell membrane or loss of membrane integrity. In our
experiment, specifically, 90 L of algal cells were pre-incubated with 10 L of the diluted
FLIPR dye for 30 min in a 96-well microplate. A fluorescence microplate reader (FLx800,
BioTek instruments) was used to excite the lipophilic dye at 530 nm (slit width 25 nm) and
collect its fluorescence emission at 590 nm (slit width 20 nm) over time. After the
fluorescence intensity was stabilized, 20 L of ZnO NPs of various concentrations were
added to each well with 4 replicates and the fluorescence intensities were recorded for 28
min.

5.2.5

Inductively coupled plasma mass spectrometry
An inductively coupled plasma mass spectrometer (ICP-MS, X Series 2, Thermo

Scientific) was used to quantify zinc ion release of ZnO NPs upon their interaction with
algae. Two hundred microliters of 600 M (48.6 mg/L) ZnO NPs suspensions were added
to 1 mL of algal cell suspensions at varied cell concentrations. After incubating for 4, 24, 48
and 72 h, the algae-ZnO samples were centrifuged at 13,400 rpm (12,100 RCF, Eppendorf
MiniSpin) for 15 min and their supernatants were collected. Such centrifugation speed was
deemed adequate for pelleting ZnO NPs completely out of the suspension (Figure 5-2). All
the samples for zinc ion analysis were then acidified (1%) with Tracepur HNO3 and
measured by ICP-MS using 45Sc and 69Ga as internal standards 324.
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Figure 5-2 Absorbance of ZnO NPs before and after centrifugation at 13,400 rpm for 15 min. The
completely disappeared characteristic peaks of ZnO NPs indicate the nanoparticles were mostly removed
by the centrifugation. In addition, the hydrodynamic size of the ZnO NPs before centrifugation was 62 nm
with a PDI of 0.225 and a count rate of 172 kcps. After centrifugation, the dynamic light scattering didn’t
show any significant peaks for ZnO NPs, and the count rate dropped significantly to 1.1 kcps, which further
confirms the efficiency of the centrifugation.

Algal cells of varied concentrations were suspended in Milli-Q water after 5 min of
centrifugation at 9,600 rpm (8,669 RCF, Eppendorf MiniSpin). After 4, 24, 48 and 72 h, 1
mL of the supernatants were collected after centrifugation at 9600 rpm (8,669 RCF) for 5
min and incubated with 200 L of 600 M ZnO NPs suspensions overnight. The mixtures
were then centrifuged at 13,400 rpm (12,100 RCF) for 15 min and the supernatants were
measured under the same conditions as described above.

5.2.6

Attenuated total reflectance-Fourier transform infrared spectroscopy
To further investigate the specific chemical groups involved in the interactions of

ZnO NPs and algae, attenuated total reflectance-Fourier transform infrared spectra (ATRFTIR) were collected for the exudates as well as the ZnO-exudate complexes obtained from

116

the experiments described above. The algal exudates and ZnO-exudate complexes were first
recovered by centrifugation, then freeze dried (BenchTop Freeze Dryer, VirTis), and finally
placed directly onto an ATR crystal. ATR-FTIR analysis was performed on a Thermo
Nicolet 6700 FTIR with a single bounce diamond Smart iTR cell. The standard parameter
for data collection was set at 32 scans, at 2 cm-1 resolution. A flux of nitrogen was passed
through the instrument to remove CO2(g).

5.3

Results and discussion

5.3.1

Adsorption of ZnO NPs to algae
Figure 5-3a shows control algal cells, whose sizes ranged between 2 to 4 m with

relatively round shapes and smooth surfaces. Introduction of ZnO NPs to the algal
suspensions triggered NP adsorption on algae, as indicated by the heavily coated algal cells
shown in Figures 5-3b, c, and d. The sizes of the coated algal cells ranged between 5 to 6
m, suggesting multi-layer coating of the NPs. Interestingly, in response to high ZnO NP
concentrations, the weakly negatively charged algal cells self-aggregated to reduce their
exposed surface area (Figure 5-3b). The charge neutralization required for this aggregation
may be facilitated by ppm levels of Zn2+ released (discussed below), the amide bearing ATPS
coatings, or exudates. Such reduced algal surface area is expected to minimize uptake of the
released zinc ions from the ZnO NPs, thereby limiting algal cell damage.
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Figure 5-3 SEM images of algae exposed to ZnO NPs. The algae were incubated in the absence (a) and
presence (b, c and d) of 10 M ZnO NPs. (a) Control algae showed round shapes and relatively smooth
surfaces. (b, c and d) After incubating with ZnO NPs, algae displayed a more rugged surface morphology
as a result of NP adsorption. The irregular shape changes in (b) and (d) also indicate severe cell damage to
the algal cells induced by the ZnO NPs.

5.3.2

Effect of ZnO NPs on algal viability
As shown in Figure 5-4, the algal viability as measured by the FD fluorescence

intensity (a) and the PI fluorescence intensity (b) was not affected by ZnO NPs up to the
concentration of 10 M (0.81 mg/L) during 24 h of exposure. The algal damage observed
upon exposure to 100 M and 1 mM ZnO NPs may be attributed to several factors. Firstly,
ZnO NPs have been shown to produce ROS due to their pronounced photocatalytic
properties in aqueous solution.325,

326

Secondly, algal cell walls consist of cellulose,
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polysaccharides, and glycoproteins,150 which could afford numerous binding sites for the
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Figure 5-4 Algal cytotoxicity induced by ZnO NPs. Charts show (a) viable algal cells (FD channel) and (b)
concomitant cell death (PI channel) after 24 h of exposure to ZnO NPs. Statistically significant differences
between the samples and the controls were determined by the Student t-test (*: p<0.05).

Since plant cell walls are typically 5-20 nm in pore size, the ZnO NPs (62 nm in
diameter) adsorbed onto the algal surfaces—as confirmed by the SEM imaging (Figure 5-
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3)—were unlikely to permeate through the algal cell walls. However, aggregation of ZnO
NPs could mechanically damage algal cell walls and membranes resulting from the density
gradient between the NPs and the cells, which could consequently induce translocation of
the NPs and release of the cell content to the extracellular space. In addition, the densely
packed ZnO NPs on the algal cells could block nutrient uptake, hinder the photosynthetic
efficiency of algae as evidenced in our previous studies318, 319 and, in extreme cases, deform
algal cell walls to induce NP translocation and osmosis, as implied by the severely deformed
algal cell shown in Figure 5-3d.
As shown in the following sections, ZnO NPs readily released zinc ions in aqueous
solutions due to their high surface area and good solubility. As a comparison, the
cytotoxicity induced by zinc ions (ZnSO4, Sigma) was examined as shown in Figure 5-5. Zinc
ion exerted more acute cell damage to algae especially at 10 M, which can be attributed to
their interaction with the oppositely charged algal cell walls and plasma membranes, as well
as with amphiphilic proteins and other cell content to compromise the host organism.
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Figure 5-5 Viability test of algae interacting with zinc ions for the same exposure time as that for ZnO NPs.
Blue bars: FD channel. Red bars: PI channel. Statistically significant differences between the samples and
the control were determined by the Student-test (*: p<0.05).

5.3.3

Effect of ZnO NPs on algal membrane potential
As shown in Figure 5-6, increased dosages of ZnO NPs triggered significantly

increased fluorescence intensities of the lipophilic dyes that were partitioned in the algal cell
membranes, implying membrane depolarization as a result of their interaction with the ZnO
NPs. This trend is consistent with that observed in the viability assay (Figures 5-4a and b),
although ZnO NPs of 10 M in concentration already altered membrane potential but not
algal viability. Understandably, algal cells in Milli-Q water exhibited a slight hyperpolarization
or loss of membrane integrity over time (Figure 5-6, dark red markers), likely due to the lack
of nutrients and cell osmosis.
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Figure 5-6 Membrane disruption induced by ZnO NPs. Dose-response curves show changes in algal
membrane potential during 28 min after exposing algal cells to ZnO NPs. The increases in the membrane
potential at high ZnO NP concentrations indicate depolarization of the algal cell membranes over time.
Statistically significant differences between the samples and the controls were determined by the Student ttest (*: p<0.05).

The ZnO NPs in this study were surface-coated by APTS, a ligand to elicit water
solubility. Due to their positively charged surface and large size, the ZnO NPs were
adsorbed but excluded by the algal cells as pre-described. Therefore, direct damage to algal
cell membranes from the ZnO NPs is deemed insignificant. However, cations in the
extracellular space and anions in the cell plasma could shuttle across the membranes driven
by the additional charge and spatial gradient of the NPs, thereby eliciting membrane
depolarization. Furthermore, electrostatic attraction between the NPs and the cell
walls/membranes could facilitate uptake of the released zinc ions, consequently altering algal
membrane potential. Consistently with the cell viability measurement, zinc ions alone also
induced algal membrane depolarization, at concentrations of 10 M and above (Figure 5-7).
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Figure 5-7 Changes in algal membrane potential induced by zinc ions under the same condition as that for
ZnO NPs. Statistically significant differences between the samples and the controls were determined by the
Student t-test (*: p<0.05) and shown for the two highest zinc ion concentrations.

5.3.4

Effect of algae on zinc ion release
As shown in Figure 5-8, the control ZnO NPs (green curve) continuously released

zinc ions and the releasing process eventually reached a saturation after 72 h, consistent with
the observation made in a previous study 162. Ion release from the ZnO NPs was significantly
reduced upon interaction with algae, especially for algae of the two highest concentrations
(dark red and orange curves). Interestingly, ZnO NPs incubated with the two lowest algal
concentrations (aqua blue and brown curves) began to release zinc ions following the same
trend as that for the control ZnO NPs after 24 h; since the algal cells were mostly engaged
with the NPs by this time such release should be administered by the abundant, free ZnO
NPs in the suspension. The two highest algal concentrations afforded more binding sites for
the ZnO NPs and were able to inhibit zinc ion release from the onset of incubation until 24
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h after. A slight increase of the released zinc ions was observed at 72 h, likely due to the
availability of free ZnO NPs.
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Figure 5-8 ICP-MS measurement of zinc ion release in the presence and absence of algae. ZnO NP
suspensions of 100 M were incubated with four concentrations of algal cells (1/10-1/1000: diluted). The
suspensions were centrifuged at 13,400 rpm (12,100 RCF) for 15 min after 4, 24, 48, and 72 h of
incubation and the supernatants were examined by ICP-MS.

The mechanism for algal inhibition of zinc ion release is discussed as follows. The
dissolution process of ZnO materials can be described as:
.

(5-1)

The concentration of released zinc ions at equilibrium is highly dependent on the NP
radius and can be predicted using the Ostwald-Freundlich equation:327, 328
(5-2)
where γ is the surface energy, V is the molar volume, R is the gas constant, T is the
temperature, and r is the radius of individual NPs. According to Eq. 5-2, the released zinc
ion concentration is inversely proportional to the radius of the NPs. In our experiment, the
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adsorption of ZnO NPs onto algae and NP aggregation drastically reduced the exposed
surface area and effectively increased the radius of the NPs (Figure 5-3), which is attributed
to the suppressed release of zinc ions.

5.3.5

Effect of algae exudation on zinc ion release
Adsorption of ZnO NPs on the algal cells could hinder zinc ion release as a result of

reduced NP surface area, while aggregation of algal cells reduced the surface area of the
organisms exposed to both the zinc ions and the ZnO NPs. Surface coating and
modification of ZnO NPs by algal exudates could be additional causes for the reduction of
dissolved zinc ions. To test this hypothesis, the amount of zinc ion released from the ZnO
NPs in the presence of algal exudates was evaluated by ICP-MS. The control in Figure 5-9a
denotes the equilibrium concentration of zinc ions at 33.12 M. The rate of ion release from
the NPs decreased upon exposure to the exudates, especially for the exudates collected from
algae in Milli-Q water for longer times and at higher concentrations (dark red and bright red
lines). The depletion of zinc ion release clearly confirms a major role of algal exudates in
impeding ion release by the ZnO NPs.
The extracellular products from Chlorella mainly consist of mono/polysaccharides,
fatty acids, hydrocarbons and other organic compounds 329. Since mono/polysaccharides are
partially sulfated and weak fatty acids are deprotonated at neutral pH (-COO-), they could
coat ZnO NPs through electrostatic interaction. In addition, electrostatic interaction is also
expected to occur between the carboxylic groups (-COOH) of the fatty acids and the amines
of the APTS coating of the ZnO NPs.

125

Zinc ion concentration (M)

(a)

33

27
Exudates
1/10 Exudates
1/100 Exudates
1/1000 Exudates
Ctrl

21

15
0

18

36

54

72

(b)

Zeta potential (mV)

Time (h)

30
15
0

-15
-30

-45

Figure 5-9 (a) Ion release of ZnO NPs in the presence of algal exudates of original to 1/1000 diluted. The
control (without algal exudates) displayed no time dependence for ion release. (b) Dosage-response zeta
potentials of ZnO NPs incubated with exudates for 24 h. Note the positive zeta potential for ZnO NPs
without algal exudates.

As shown in Figure 5-9b, ZnO NPs carried a positive zeta potential of 13.8 mV, and
upon incubation with increasing dosage of algal exudates the ZnO NPs became increasingly
negative in zeta potential. This result indicates that the binding of the highly negatively
charged algal exudates (Figure 5-9b) with the ZnO NPs could have been mainly initiated by
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electrostatic interactions. Furthermore, hydrogen bonding could be established between the
hydroxyls (-OH), carboxyls (-COOH), aldehydes (-CHO), and amines (-NH2) of the
exudates and the surface coating of the ZnO NPs. Taken together, it is reasonable to
conclude that depletion of zinc ion release in the presence of algae was a combined result of
the aggregation of ZnO NPs and the algae, inhibition of dissolution through formation of an
algal exudate surface coating on the NPs, and binding of solubilized Zn2+ with aggregated
exudate or algal mass.
Despite the complexity of algal exudates, FTIR spectroscopy was insightful in
identifying the presence of the aforementioned functional groups and resolving the
interactions of these functional groups via their induced spectral changes. As shown in
Figure 5-10, the ATR-FTIR spectrum of ZnO-exudate complex is a convolution of the
spectra of ZnO control and algal exudates, possessing the following features that are
indicative of the interaction sites between the NPs and the living species. As discussed
below, the FTIR spectra provide evidence that carboxylic, amide, and sulfonate groups may
facilitate exudate binding with ZnO NPs. Due to the overlap of absorption bands for each
functional group, it is difficult to quantitatively show dominance of one group over another
with respect to ZnO NP binding. The broadening of the OH bond stretching (3287 cm-1) 330
suggests hydrogen binding between the polymeric hydroxyl compounds of the exudates and
the primary amines of the APTS coated on the ZnO NPs.
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Figure 5-10 Absorbance FTIR spectrum of algal exudation, ZnO NPs, and ZnO-exudates complexes.

The appearance of absorption bands at 1630 cm-1 and approximately 1540 cm-1 (shift to
1526 cm-1 in the ZnO NP bound exudates) are indicative of either symmetric or asymmetric
C=O stretches or the presence of amide groups represented by the Amide I and Amide II
bands commonly observed at 1630 cm-1 and 1540 cm-1 respectively. The significant increase
in absorption at 1384 cm-1 in the ZnO NP-bound exudates may be indicative of shifts in
COO- symmetric stretching upon binding with Zn2+ ions or the ZnO NP surface. However,
this increase in absorption at 1384 cm-1 may also represent binding of sulphonate groups
with the ZnO NPs. This is supported by the intensity increases of SO3 asymmetric stretching
(1243 cm-1) and SO3 symmetric stretching (1039 cm-1) of the ionic sulphonates/suphonic
acids330 which can be attributed to the electrostatic interactions between the sulphonate
groups of the exudates and the ZnO NPs. This overall shift in absorbance to lower
wavenumbers and increase in intensity across the 950-1125 cm-1 region represent changes in
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C-O stretching and possibly sulphonate stretches within polysaccharides as a result of
binding with ZnO NPs.331

5.3.6

ZnO adsorption versus algal exudation
In order to better understand ZnO NP-algae interactions, the rate of zinc ion release

reduced by the two mechanisms discussed above—algal adsorption of ZnO NPs and
modification of ZnO NPs by algal exudates—was obtained by comparing the reduced ion
release by algae (Figure 5-8) with that by algal exudates (data in Figure 5-9a), at 24, 48 and 72
h of incubation:
R1 

Ctot  Ca lg
Ctot

100% ,

Ctot '  Cexu
R2 
100% ,
Ctot '

R e xu 

R2
100% , and R ads  1  R e xu ,
R1

(5-3)

(5-4)

(5-5)

where R1 is the ratio of Zn2+ ions release hindered by the whole algal cell through both
adsorption and exudation, Ctot is the total ion concentration released by control ZnO NPs,
and Calg is the ion release concentration from ZnO NPs after interacting with algae cells
(Eq. 5-3, Figure 5-8). Similarly, R2 is the ratio of Zn2+ ions release suppressed only by algal
exudation, where Ctot’ is the total ion release concentration of control ZnO NPs and Cexu
is the ion release concentration from ZnO NPs after incubating with algal exudation (Eq. 54, Figure 5-9a). Since only adsorption and exudation are the two main mechanisms taking
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into consideration in this case, the rate of ion release reduced by exudation and adsorption

Rate of zinc ion release
compared to control

can be differentiated by Eq. 5-5.
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Figure 5-11 Rate of zinc ion release from ZnO NPs compared to control, as a result of NP adsorption onto
algal cells (blue bars) and algal exudation (maroon bars).

As shown in Figure 5-11, initially (the 24 h bars), release of zinc ions was mostly
hindered by algal adsorption of the ZnO NPs, while only 12% of the reduced zinc ion
release was caused by the binding of exudates on the ZnO NPs. At this stage, adsorption of
ZnO NPs on algae was rapid due to the presence of a large number of oppositely charged
ZnO NPs and algae. Aggregation of ZnO NPs drastically impeded ion release due to their
increased size and decreased surface area. At longer incubation times (48 and 72 h bars), the
effect of NP adsorption became saturated while algal response to NP exposure—through
slow secretion of exudates—started to play an increasing role in mediating electrostatic
interaction and hydrogen bonding with the NP surfaces to further suppress zinc ion release.
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5.4

Discussions and summary
In summary, we have demonstrated the dynamic interactions between ZnO NPs and

green algae Chlorella sp. to address the environmental implications of discharged
nanoparticles. Our SEM and viability assay showed that ZnO NPs at high concentrations
were strongly associated with algal surfaces to induce depolarization of the membrane
potential and cell damage. The effects induced by ZnO NPs to algae due to zinc ion release
were counteracted upon by both aggregation of the ZnO NPs and secretion of algal
exudates. Our approach may be extrapolated for assessing the interactions between other
classes of aquatic organisms and metal oxide NPs beyond the scope of algae and ZnO NPs,
which will help establish a full database for mitigating environmental release of discharged
nanomaterials and further enable the broad environmental applications of nanomaterials.
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CHAPTER 6 CONCLUSION AND FUTURE WORK
In this dissertation, two central objectives: 1) advancing the applications of soft
dendritic polymers for environmental remediation; 2) developing a matrix for guiding the
environmental applications and implications of condensed ZnO nanostructures, have been
achieved using principles and techniques of material engineering, physics and physical
chemistry. The most important observations and conclusions from this dissertation are
described as following:

6.1

Water Purification Using Soft Dendritic Polymers
Chapter two and three of this dissertation accurately described, from the single-

molecule to ensemble level, the binding dynamics between dendritic polymers and water
contaminants using an approach that uniquely combines the methodologies of UV-vis
spectrophotometry, ITC, microfluidics, fluorescence spectroscopy, and electron microscopy.
i.

We elucidated the physic-chemical behavior of tris-dendrimers in hosting a variety of
chemical species, namely cationic copper, anionic nitrate, and PAH PN.


The primary host-guest interactions were recognized to be LMCT complex
formation, electrostatic and hydrophobic interactions for Cu(II), nitrate and PN,
respectively.



An exceptional hosting capacity of G4-tris-dendrimer was established towards
Cu(II) at 64 ions per dendrimer (pH=10), nitrate at 32 ions per dendrimer
(pH=2), and PN at 10 molecules per dendrimer (pH=7).
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Microfluidic study provided more detailed information regarding the dielectric
properties of dendrimer-ligand complexes, and the detection limits of these
ligands were improved down to picomolar level.

ii.

We exploited the interactions between two generations (G1 and G4) of amineterminated PAMAM dendrimers and discharged fulleronol in aqueous systems.


Each fullerenol bound with two primary amines per dendrimer (both G1 and
G4) through ionic bonding, and the formation of large aggregates due to intercluster interactions facilitated by hydrogen bonding and hydrophobic interactions
were evident.



Such inter-cluster formation can be controlled by adjusting both the
concentrations of the fullerenol and the dendrimer, and by tuning the molar ratio
of dendrimer to fullerenol. The formation of dendrimer-fullerenol assemblies, at
a maximum loading capacity of ~2 or 44 fullerenols per G1 or G4 dendrimer
was energetically favorable and thermodynamically spontaneous.



The G1/fullerenol loading ratio of 0.2-1.6, and G4/fullerenol loading ratio of
0.005-0.02 were recommended for drug delivery (the range below precipitation),
and a G1/fullerenol loading ratio of above 1.6, and a G4/fullerenol loading ratio
of above 0.02 for environmental remediation. Furthermore, for both
nanomedicinal and environmental applications, the scope of this study may be
extended to that of branched/hyperbranched polymers and NPs of opposite
charge.
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6.2

Environmental and Biological Sensing Using Gold-Dendrimer/ZnO
Complexes
In Chapter four, two novel optical schemes based on the MEF of gold-

dendrimer/ZnO complexes were developed.


The detection limits were significantly improved for Cu(II) to nM level and for
protein/lipids to pM level, suppressing most of the currently analytical schemes.



The detection limits of our schemes could be substantially improved in principle
by optimizing the polarization direction of the illumination light, dimensions of
gold nanostructures, generation/size of the dendrimers, branches of ZnO
tetrapods, pH and temperature of the solvent, or by integrating with
nanoelectronic devices such as NW-field effect transistors or micro- and
nanofluidics.



The specificities of the detection schemes can be enhanced by maximizing the
spectral overlap between labeled susbtrates and the ligands under study, or
combining the current techniques with analytical tools such as NMR and Raman
spectroscopy.

6.3

Environmental implications of ZnO nanoparticles
As presented through Chapter two-four that there are increasing amount of

nanomaterials with novel properties and applications being exposed to biological and
environmental systems. It is therefore of great relevance and significance that the
environmental implications of nanomaterials ought to be examined with respect to the
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interactions between nanomaterials and their hosing systems. Chapter five demonstrated the
adaptive interactions between ZnO NPs and green algae through ion release and algal
exudation.


Our SEM, viability assay and membrane potential assay showed a strong
association of ZnO NPs with algal surfaces to induce depolarization of
membrane potential and cell damage at high NP concentrations.



The released zinc ions from ZnO NPs can play an essential role in algal cell
viability and membrane integration as evidenced by the induced algal cell damage
from pure zinc ions under the same exposure conditions.



The effects induced by ZnO NPs to algae due to zinc ion release were
counteracted upon by both aggregation of ZnO NPs and secretion of algal
exudates. The rate of the reduced zinc ion release by the two mechanisms was
quantatively determined that only 12% of the reduced zinc ion release was due to
algal exudation at the initial 24 h, but played an increasing role in suppressing
zinc ion release at longer incubation times.

In summary, the key scientific contributions of this dissertation are: 1). we have
performed the first study on the versatility of a trifunctional dendrimer for hosting cationic,
anionic, and polyaromatic chemical contaminants; 2). we have demonstrated for the first
time the concept that a soft, biocompatible nanoparticle—a dendrimer, can be used for
hosting discharged, harmful nanoparticles for environmental remediation; and 3). we have
shown for the first time the impact of nanoparticles on aquatic organisms is bidirectional.
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6.4

Future Work
Throughout my PhD research, I have studied the fundamental physic-chemical

properties and governing parameters of soft dendritic polymers and condensed nano ZnO
for their novel applications in water remediation, environmental and biological sensing, as
well as their consequent environmental impacts. Such observations and characterizations
yield us an enriched understanding of the advantages and limitations of nanomaterials, which
could prevent the potential pitfalls of discharged nanomaterials. In light of such
understanding, I’d like to further extend my research on the following two parts:
i.

Explore the scope of contaminant detection by dendritic polymers and novel water purification scheme
using dendrimer-ZnO nanocomposites: preliminary investigations of using dendrimers for
hosing charged ions and hydrophobic molecules offer a good basis for extending
their usage for removing radionuclides and dispersing spilled oil, a paramount
environmental hazard associated with the daily operation of the petroleum industry
offshore. Hyperbranched polymers could be a potential alternation for dendrimers in
water purification due to their much lower expenses. In addition, the complementary
capabilities of dendrimers and ZnO nanomaterials for removing different types of
water contaminants allow novel water purification methods using dendrimer-ZnO
nanocomposites, thorough experimental schemes need to be explored.

ii.

Evaluate the biological and environmental implications of dendrimers and other most produced
nanomaterials: Although there have been a number of studies on the ecological impact
of dendrimers, a more thorough understanding of dendrimer toxicity regarding their
size, shape, surface functionality and hydrophobicity need to be explored to ensure
dendrimers as a safe drinking water treatment. In addition, the environmental
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implications of other vast produced nanomaterails such Ag NPs and graphene sheets
need to be extrapolated to establish a comprehensive framework for mitigating
environmental release of discharged nanomaterails and guiding the safe development
of nanotechnology.
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